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Genetic variations in wood properties of third generation 
Acacia mangium Willd. progeny tests from Sumatra, Indonesia

* Corresponding author

Abstract. Acacia mangium Willd. is a fast-growing tree commonly used in pulp and paper production. Despite 
extensive planting, there is a need for genetic improvement to enhance wood properties for better pulp output. 
This study assessed genetic variations in moisture content, pilodyn penetration, specific gravity, fiber length, cell 
wall thickness, lumen diameter, and cellulose content in a third-generation progeny test of A. mangium in South 
Sumatra, involving 52 families. Averages for 3-year-old A. mangium were as follows: pilodyn penetration at 11.22 
mm, moisture content at 117.18%, specific gravity at 0.44, fiber length at 1.01 mm, and alpha cellulose at 68.03%. 
Phenotypic variation of wood properties ranged from 3.53% to 19.62%, while genotypic variation was between 
1.83% and 9.91%. There was a strong genetic correlation between pilodyn penetration and wood properties 
(specific gravity, holocellulose, and alpha cellulose) with individual heritability of wood properties estimates (h2

i) 
from 0.09 to 0.37. Significant family differences were found in pilodyn penetration, specific gravity, fiber length, 
holocellulose, and alpha cellulose, with genetic gains of wood properties between 1.78% and 9.72%.
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Introduction

Acacia mangium Willd. is a key species in the pulp and paper 
industry, particularly in tropical regions of Southeast Asia, 
where it has become a favored plantation species due to its 
rapid growth, adaptability to varied climates, and valuable 
wood properties (Hegde et al. 2013). Since the 1990s, Indonesia 
has widely cultivated A. mangium on marginal lands across 
the country, promoting it as a sustainable resource to meet 
the rising demand in the pulp and paper sector (Sutedjo and 
Warsudi 2017; Goreti et al. 2021). This species is distributed in 
several regions, such as Riau, South Sumatra, West Java, South 
Kalimantan, East Kalimantan, West Papua, and Maluku prov-
ince (Figure 1). However, initial plantations were established 
using unimproved seeds, which limited wood productivity and 
quality (Suyanto and Soedjoko 2007; Krisnawati et al. 2011; 
Goreti et al. 2021).

To address these limitations, the Indonesian Ministry of 
Environment and Forestry (MoEF), in collaboration with the 
Japan International Cooperation Agency (JICA) and Musi 
Hutan Persada Company, initiated a breeding program in 
1993. This program began with a first-generation progeny 
test and was later extended to second- and third-generation 
trials focused on growth enhancement. However, these trials 
initially did not assess wood property traits critical for pulp 
production, such as specific gravity, fiber length, lignin, and 
cellulose content, which directly affect pulp yield and qual-
ity (Nisatmanto and Kurinobu 2002; Susanto et al. 2013; 
Nirsatmanto 2016; Sunarti et al. 2022). Given the industry’s 
need for both high growth rates and quality wood, improving 

the genetic traits of A. mangium relevant to pulp properties 
has become essential.

The pulp and paper industry requires raw materials character-
ized by substantial wood increments and superior quality. The 
quality of wood is indicated by pulp output; thus, investiga-
tions into pulp-related wood qualities are essential for tree 
selection in third-generation progeny tests. Qualities such as 
specific gravity and fiber length are critical determinants of tree 
species’ utility for pulp manufacturing. The primary chemical 
constituents of wood that constitute cell walls (cellulose and 
lignin) and extractive substances, together with their distribu-
tion inside the cell walls, influence the characteristics of pulp 
and paper (Pereira et al. 2003). Fengel and Wegener (1995) 
indicated that several wood properties affecting pulp produc-
tion for paper comprise specific gravity, moisture content, 
fiber dimensions, wood extractives, lignin, and cellulose. The 
potential for genetic improvement in morphological traits and 
wood properties has been validated (Harwood et al. 2015).

This study therefore aimed to identify genetic variations in 
wood properties related to pulp production in third-generation 
A. mangium progeny trials. Key wood characteristics evaluated 
were pilodyn penetration, moisture content, specific gravity, 
fiber length, and chemical contents (lignin, holocellulose, alpha 
cellulose) to determine their impact on pulp output. Estimated 
genetic parameters, including heritability and genetic gain, 
were used to assess the potential for genetic improvement of 
these traits. Genetic correlations between pilodyn penetration 
and wood properties were used to develop efficient selection 
criteria for high-quality trees in breeding programs without 

Figure 1. Spatial distribution of Acacia mangium Willd. in Indonesia.
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causing damage to standing trees. Ultimately, the study aims 
to provide insights for optimizing A. mangium breeding pro-
grams focused on enhancing wood properties crucial for the 
pulp and paper industry in Indonesia.

Materials and Methods
Trial site, genetic material and experimental design

The third-generation progeny test of A. mangium was conducted 
in the Subanjeriji Trial, located at latitude 3.4°S and longitude 
103.7°E. The trial was established at an elevation of 110 m 
above sea level in South Sumatra on podzolic soil. The average 
minimum temperature of the coldest month was 23°C, while 
the average maximum temperature of the hottest month was 
33°C. Annual precipitation was 2,082 mm, with peak rainfall 
occurring from December to March and minimal rainfall in 
June. Humidity levels varied from 29% to 73%.

The progeny test comprised 52 open-pollinated families from 
the second-generation progeny test of A. mangium (Oriomo-
Papua New Guinea provenance) during the Subanjeriji Trial. 
The experimental arrangement comprised 30 replications 
(blocks) utilizing a row-column pattern (incomplete block 
design) at group B-3 in Figure 2. Each plot consisted of a 
single row of four trees, with a spacing of 4 m between rows 
and 3 m between trees within each row. Only 10 blocks were 
used for measuring the wood properties (Figure 2).

Wood sample collection and wood properties 
measurement

A total of 326 trees (52 families with different replications 
of each family with a range of 3 to 11 trees) of 3-year-old 
third-generation A. mangium progeny were measured. Pilodyn 
penetration was measured on standing trees using a Pilodyn 
tester (6 J Forest, Proceq, Switzerland) with three positions 
were obtained for each tree at 50 cm above the ground after 
removing the bark (Ishiguri et al. 2008; Hidayati et al. 2013a; 
Hidayati et al. 2013b). The mean values of pilodyn penetration 
were calculated for each tree. 

The average diameter of the sample trees was 20.85 cm (±3.49 
cm). The sample trees were cut and wood discs samples were 
taken 50 cm above the ground. Wood samples were obtained 
from 52 families (the same number of the trees as for pilodyn 
testing) The discs were used to measure green specific gravity, 
green moisture content, fiber length, cell wall thickness, lumen 
diameter, lignin content, extractive content, alpha-cellulose 
content, and holocellulose content. Radial strips (2 cm in width, 
2 cm in thickness, and length dependent on tree diameter) were 
prepared from each disk for measuring moisture content and 

specific gravity. Green specific gravity was determined from 
pith to bark. Blocks were obtained from one side with respect 
to the pith of the disk. Green specific gravity was calculated 
as the ratio of oven-dry mass to green volume, as determined 
by the water displacement method.

Measurements of fiber dimensions (fiber length, lumen diam-
eter, and cell wall thickness) were conducted using a microm-
eter. Small strip specimens were macerated with Franklin’s 
solution (100% glacial acetic acid [CH3COOH] and 50% 
hydrogen peroxide [H2O2] at a 1:10 ratio) for measuring fi-
ber dimensions. The macerated fibers were stained with 1% 
safranin, cleared with alcohol, then mounted with Canada 
balsam. Images were captured using a digital camera attached 
to a microscope. A total of 50 wood fibers were measured for 
fiber length. Lumen diameter and cell wall thickness were 
also measured, using the macerated sample. Three positions 
of each fiber were measured for lumen diameter and cell wall 
thickness, then averaged. Ten fibers were measured for every 
sample, then averaged for each sample. 

Wood samples were extracted for the analysis of wood chem-
istry, according to Technical Association of the Pulp and Paper 
Industry (TAPPI) standard T 204 cm-97 (1997). Lignin and 
alpha-cellulose contents were quantified utilizing TAPPI T 222 
om-2 (2006) and TAPPI T 203 cm 99 (1999). Holocellulose 
content in wood samples was analyzed utilizing the acid chlorite 
method (Browning 1967). 

Data Analysis

Common general linear models described by Hocking et 
al. (1978), Setiadi et al. (2021), Baskorowati et al. (2022),  
Purwanto et al. (2022), and Susanto et al. (2024) were utilized 
in this research. An analysis of variance (ANOVA) was carried 
out in order to investigate differences among families on the 
basis of the linear model presented below:

Yijkl = μ + Ri + F j + eijk 

where, Yijkl = plot mean at jth family and ith replicate; µ = overall 
mean; Ri = effect of the ith replicate; F j  = effect of the jth fam-
ily; and Eijk   = residual error with a mean of zero.

Individual tree heritabilities (h2
i) was calculated based on 

Williams et al. (2002):

h2
i = 1/r * σ2

f/σ
2
 p 

where, r = coefficient of relationship; σ2
f = variance between 

families; σ2
p = phenotypic variance = (σ2

f
 + σ2

m); and σ2
m

 = 
variance between plot.

(2)

(1)
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Figure 2. Layout of research plot at the Subanjeriji Trial.
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Phenotypic coefficient of variation (PCV) (%) and genotypic 
coefficient of variation (GCV) were estimated according to 
Burton and DeVane (1953). 

evaluated, together with the genetic and phenotypic variety 
are presented in Table 1. 

The range of phenotypic coefficients of variation of wood 
properties in the progeny trials ranged from 3.53% to 19.62% 
(Table 1), indicating that the phenotypic variance of wood 
properties was relatively small. The genotypic coefficient of 
variance in the progeny test was from 1.83% to 9.91%. This 
indicated that the genetic variation was also low. Individual 
heritability estimates for wood properties in the study ranged 
from low to high (h2

i = 0.09 to 0.37), indicating that not all 
wood properties were strongly controlled by genetics.

Pilodyn penetration, moisture content, specific gravity, fiber 
length, holocellulose content, and alpha cellulose content all 
differed significantly amongst families (Table 2). Cell wall 
thickness, lumen diameter, extractive content, and lignin content 
did not differ significantly between families.

The genetic and phenotypic correlations between wood prop-
erties in the third-generation A. mangium progeny test at 
Subanjeriji are displayed in Table 3. Several wood properties 
exhibited significant genetic and phenotypic relationships 
among themselves (Table 3). Strong negative and positive 
genetic correlations are essential in tree selection activities 
based on wood characteristics.

The evaluation of genetic gain for wood properties of 3-year-
old A. mangium in the third-generation progeny test in the 
Subanjeriji Trial is shown in Table 4. Estimated genetic gains 
for wood qualities from 3-year-old A. mangium in the third-
generation progeny test in the Subanjeriji Trial are presented in 
Table 4. Genetic gain ranged from 1.78% to 9.72%, contingent 
upon a selection intensity of 10% for identifying the superior 
trees within the progeny test population.

Table 1. Mean, phenotypic coefficient of variation (PCV), genotypic coefficient of variation (GCV) and individual heritability (h2
i) of Acacia 

mangium wood properties.

Wood property Variation ranges x̄±SD PCV (%) GCV (%) h2
 i

Pilodyn penetration 7.50–15.75 (mm) 11.22 (±1.42) mm 11.69 6.36 0.30

Moisture content 51.50–330.18 (%) 117.18 (±32.90) % 10.15 5.77 0.15

Specific gravity 0.22–0.72 0.44 (±0.07) 16.70 9.91 0.37

Fiber length 0.76–1.20 (mm) 1.01 (±0.06) mm 5.77 3.13 0.35

Cell wall thickness 2.41–5.00 (µm) 3.05 (±0.41) µm 13.56 4.27 0.09

Lumen diameter 7.59–19.44 (µm) 12.32 (±2.13) µm 17.33 6.34 0.13

Extractive content 1.60–7.14 (%) 3.64 (±1.15) % 19.62 9.11 0.24

Lignin content 19.35–39.45 (%) 24.10 (±5.57) % 11.85 5.46 0.21

Holocellulose content 63.63–83.95 (%) 74.83 (±3.93) % 3.53 1.83 0.27

Alpha cellulose content 53.08–68.82 (%) 68.03 (±3.86) % 9.99 6.09 0.37

Notes: x̄±SD = Mean and standard deviation.

(3)

(4)

where, σ2 g = variance component of genotypic = σ2A; σ2A = 
variance component of additive = 1/r * σ2

f ; σ
2p = variance com-

ponent of phenotypic; and x̄ = mean of value of wood properties.

Genetic correlations (denoted rg) were calculated according 
methodologies described by Williams et al. (2002):

Covf (X,Y) 

[σ2
f  (x) ∙ σ2

f  (y)]1/2

where, Covf (X,Y) = covariance of the two traits at family 
level; σ2

f (x) = family-level variance components of trait (x); 
and σ2

f (y) = family-level variance components of trait (y).

Expected genetic gain (denoted ΔG) in the trial was estimated 
based on Shelbourne (1992):

ΔG = i ∙ σ2
p
 ∙ h2

i 

where, I = selection intensity; σ2
p
 = phenotypic variance; and 

h2
i = individual heritability for the trait of interest.

Results
Measurements and analyses of wood properties in 3-year-old 
A. mangium progeny trials at Subanjeriji in South Sumatra are 
shown in Tables 1–4. The mean and range of wood qualities 

rg = (5)

(6)

PCV  = √σ2p
x̄

  × 100 

GCV  = √σ2g
x̄

 × 100 



Wood and Fiber Science, July 2025, V. 57(3)116	

Table 2. Analysis of variance (ANOVA) of Acacia mangium wood 
properties. 

Wood properties / 
    Variance Sources Df MS Pr>F

Pilodyn penetration

Replications 9 7.633 <0.0001**

Families 51 3.683 <0.0001**

Error 740 1.236

Moisture content

Replications 9 0.004 <0.2171**

Families 51 0.004 <0.0491*

Error 740 0.002

Specific gravity

Replications 9 0.061 <0.0001**

Families 51 0.007 <0.0001**

Error 262 0.003

Fiber length

Replications 9 0.006 0.0525

Families 51 0.005 0.0038**

Error  267 0.002

Cell wall thickness

Replications 9 0.358 0.0200*

Families 51 0.137 0.7390

Error  267 0.160

Lumen diameter

Replications 9 2.455 0.8410

Families 51 5.272 0.2152

Error  267 4.505

Extractive content

Replications 9 0.923 0.0428

Families 51 0.650 0.0529

Error 264 0.468

Lignin content

Replications 9 12.702 0.0948

Family 51 10.122 0.0768

Error 264 7.579

Holocellulose content

Replications 9 15.976 0.0074**

Family 51 9.271 0.0235*

Error 264 6.202

Alpha cellulose content

Replication 9 470.365 < 0.0001**

Family 51 61.353 < 0.0001**

Error 269 26.973

Notes: ns = not significant; * = significant at level of 0.05; ** = significant at level of 0.01.

Discussion
Significant differences among families were observed for pi-
lodyn penetration, specific gravity, fiber length, holocellulose 
content, and alpha cellulose content. The findings indicated 
that pilodyn penetration, moisture content, specific gravity, 
fiber length, holocellulose content, and alpha cellulose con-
tent were influenced by family variation, suggesting genetic 
control. These wood properties must be considered in forestry 
breeding programs to meet the seedling needs for wood qual-
ity suitable for pulp production. Specific gravity, fiber length, 
holocellulose content, and alpha cellulose concentration are 
essential for pulp production (Arisman 1996; Lestari 2012). 

Wood properties revealed that the third-generation A. mangium 
progeny test showed significant variances among individual 
trees (Table 1). This signifies that wood properties must be ac-
knowledged as genetic variables in the breeding of A. mangium 
and establishes a basis for choosing the most suitable trees with 
superior wood quality. The selection of trees for wood qualities 
is based on individual heredity. Fiber length, specific gravity, 
extractives content, lignin content, alpha cellulose content, 
and holocellulose content demonstrate significant heritability; 
hence, these wood qualities need meticulous attention in tree 
selection to obtain superior wood quality. 

Alpha-cellulose is essential for assessing cellulose purity. The 
presence of lignin and extractives adversely affects pulp quality. 
Nonetheless, there was no substantial difference between fami-
lies in the progeny test regarding lignin and extractive content; 
so, these two factors may be excluded from consideration in 
tree selection, since they do not influence the quality of the 
resultant pulp. This study revealed significant variability in 
wood properties among 3-year-old third-generation A. mangium 
(Table 1). Thus, wood characteristics must be considered within 
the genetic criteria for the breeding of A. mangium.

Average specific gravity of the third generation of A. mangium 
at the age of 3 years was 0.44, with a variation range that ex-
tended from 0.22 to 0.72. This indicates that the trees possess 
qualities that are suitable for pulp production. Other research 
indicates that the ideal specific gravity range of A. mangium 
for pulp production is 0.37 to 0.46 (Arisman 1996). Susanto 
et al. (2013) examined the specific gravity of 17 provenances 
in the first generation of 5-year-old A. mangium progeny tests 
in Wonogiri, Central Java, and found that variances in specific 
gravity between provenances ranged from 0.40 to 0.47. Specific 
gravity of the trees from both the first and third generations 
provided promising potential for pulp manufacturing.
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This study revealed that the average cell wall thickness was 
3.05 µm, with a range from 2.41 to 5.00 µm. Average lumen 
diameter was 12.27 µm, with a range from 7.59 to 19.44 µm. 
Average fiber length was 1.01 mm, with a range from 0.76 to 
1.2 mm. Variability in cell wall thickness, lumen diameter, and 
fiber length in progeny tests are of fundamental importance 
in breeding trials. Although the average fiber length in the 
third-generation progeny test was greater than that for the first 
generation of A. mangium in Pelaihari, South Kalimantan, at 22 
months of age, at 0.89 mm (Susanto et al. 2012), it was shorter 
than the fiber length of the first generation at the Wonogiri Trial 
at the age of 5 years, which was 1.04 mm (Susanto et al. 2013). 
The generational differences, geographic variations, and age 
when fiber length was measured are factors that contribute to 
the variations in fiber length in A. mangium. Variations in fiber 
length of A. mangium trees have also been studied in Central 
Java (Hasegawa et al. 2009).

Average extractive content of 3-year-old third-generation 
A. mangium was 3.64%, lignin content was 24.10%, holocel-
lulose content was 74.83%, and alpha cellulose content was 
68.03%. The lower alpha cellulose content demonstrated that 
it is appropriate for use as a raw material in the paper industry 
(Lestari 2012). In contrast to the findings of other investiga-
tions on Eucalyptus pellita, the results of this specific inquiry 
are presented in Table 5.

Extractive content of A. mangium was lower than that of E. 
globulus, which was reported at 6% in West Ridgley, Tasmania 
(Poke et al. 2005), and lower than the extractive content of 
Acacia melanoxylon in Portugal (Lourenço et al. 2008). Lignin 
level was lower than that of E. globulus, which was 28.48%. 
Holocellulose and alpha cellulose content were superior to those 

Table 4. Genetic gain estimation of Acacia mangium wood properties. 

Traits σ2p i h2
i ∆G %

Pilodyn penetration (mm) 1.32 1.75 0.30 6.16

Moisture content (%) 5.74 1.75 0.15 1.51

Specific gravity 0.07 1.75 0.37 9.72

Fiber length (mm) 0.06 1.75 0.35 3.57

Cell wall thickness (µ) 0.41 1.75 0.09 1.78

Lumen diameter (µ) 2.13 1.75 0.13 4.01

Extractive content (%) 0.71 1.75 0.24 6.95

Lignin content (%) 2.85 1.75 0.21 4.22

Holocellulose content (%) 2.64 1.75 0.27 1.77

Alpha cellulose content (%) 6.80 1.75 0.37 6.53

Notes: σ2p = variance component of phenotypic; i = selection intensity; h2
i = individual 

heritability; ∆G % = % genetic gain of population mean in progeny test. 
Selection proportion was 10%.

Table 3. Genetic (above the cross) and phenotypic correlation (under the cross) between wood properties of Acacia mangium.

PP SG Ext HC Lig AC FL LD CW MC

PP -0.67 -0.98 -0.22  0.58 -0.96  0.00 -0.48  0.55  0.46

SG -0.68  0.16  0.03 -0.24  0.53 -0.32  0.00  0.00 0.61

Ext  0.01  0.06  0.34  0.60 -0.57 -0.43  0.00  0.00  0.00

HC  0.16  0.25  0.08 -0.92 -0.08 -0.43  0.72 -0.54  0.00

Lig -0.13  0.17  0.23 -0.90 -0.11  0.45 -0.65  0.37  0.00

AC -0.12  0.25 -0.04  0.06  0.01 -0.01  0.00  0.44  0.00

FL  0.32  0.12 -0.02  0.10 -0.10 -0.03  0.00  0.00  -0.50

LD  0.13  0.08  0.06 -0.04 -0.06  0.04  0.00 -0.82  0.00

CW  0.11  0.06 -0.02 -0.05  0.04 -0.13  0.14 -0.03  0.00

MC 0.35 -0.49  0.00  0.00  0.00  0.00 0.19  0.00  0.00

Notes: PP = Pilodyn penetration; SG = Specific gravity; Ext = Extractive content;
HC = Holocellulose content; Lig = Lignin content; AC = Alpha cellulose;
FL = Fiber length; LD = Lumen diameter; CW= Cell wall thickness; MC = moisture content

Table 5. Alpha cellulose, lignin, and extractive contents of Eucalyptus 
pellita in three locations.

Alpha cellulose
(%)

Lignin
(%)

Extractive
(%) Location

49.02 29.49 — South Kalimantan 
(Lukmandaru et al. 2016)

48.45 29.82 5.87 Central Java 
(Fatimah et al. 2015) 

— 29.90 10.11 East Kalimantan 
(Taufiqhaqiqi et al. 2022) 

of other species: E. globulus has a holocellulose content of 
42.40% (Poke et al. 2005); Antocephalus spp. a holocellulose 
content of 39.20%; and Falcataria moluccana exhibited holo-
cellulose and alpha cellulose contents of 63.39% and 40.43%, 
respectively (Indrawan et al. 2015). The reduced extractives 
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and lignin contents, along with elevated holocellulose and alpha 
cellulose levels in the A. mangium progeny test at Subanjeriji, 
are crucial for breeding initiatives aimed at enhancing seed 
quality for the pulp and paper sector.

The third-generation A. mangium progeny test revealed medium 
to high individual heritability for pilodyn penetration, holocellu-
lose content, lignin content, extractive content, specific gravity, 
fiber length, and alpha-cellulose content (Table 2). Moderate 
to high individual heritability was seen in first-generation A. 
magium progeny tests in Peleihari, South Kalimantan, and 
Wonogiri, Central Java, as well as in E. urophylla progeny 
tests in Vietnam and E. nitens progeny tests in East Victoria, 
Australia. The individual heritability values for pilodyn penetra-
tion were 0.62 in A. mangium in Peleihari and 0.30 in Wonogiri, 
0.42 in E. urophylla, and 0.60 in E. nitens. The individual 
heritabilities for specific gravity were 0.35 in A. mangium in 
Pelaihari and 0.57 in Wonogiri, 0.60 in E. urophylla, and 0.73 
in E. nitens (Greaves et al. 1996; Kien et al. 2008; Susanto et 
al. 2012; Susanto et al. 2013).

 Despite exhibiting moderate to high heritability, these wood 
properties do not inherently possess a large genetic coefficient 
of variation (GCV) (Table 2). The genetic variation of wood 
properties is low, as evidenced by their GCV and PCV being 
less than 20%. However, values with GCV or PCV over 5% 
included pilodyn penetration, moisture content, specific gravity, 
lumen diameter, extractives, lignin, and alpha cellulose. These 
wood properties exhibited more additive genetic variance; 
hence, these should be factored into tree selection. Research 
on genetic coefficient of variation and heritability concerning 
tree selection based on wood density and growth in forest trees 
has been conducted by Cornelius (1994). 

The wood properties studied showed low genetic variation 
(Table 2). Low genetic variation in wood properties means 
that the tree selection will yield genetic gains in accordance 
with genetic diversity (Table 4). Decreased additive variance of 
wood properties resulted from the A. mangium tree population 
being a third-generation progeny test, which had undergone 
a selection process for genetic value, hence reducing genetic 
diversity. Investigations on the reduction of additive variance 
across succeeding generations indicated that additive vari-
ance diminished during several selection cycles, leading to 
decreased genetic variation relative to the initial generation 
(van der Werf and de Boer 1990).

The substantial negative genetic correlation between pilodyn 
penetration and specific gravity, extractive content, and alpha 
cellulose indicated that pilodyn penetration may be effective in 

tree selection (Table 3). Minimal damage to the tree makes it 
much simpler to choose trees based on the characteristics of the 
wood in the standing tree. An increase in holocellulose content 
will result in a reduction in lignin and extractive content, while 
an increase in wood density may also reduce lignin content. 
This negative correlation between these wood properties is 
highly advantageous for pulp and paper production. The strong 
correlation between pilodyn penetration and other wood prop-
erties is advantageous for the selection of trees in A. mangium 
progeny assays to optimize pulp and paper production. Rapid 
tree selection has the potential to enhance alpha cellulose, 
while simultaneously reducing the amounts of lignin and ex-
tractive content. Cown and Hutchison (1983) found a strong 
correlation between pilodyn penetration and basic density in 
Pinus radiata in New Zealand and suggested that this device 
could have an application for rapid non-destructive measure-
ment of wood properties. The pilodyn has a long history of 
use as a non-destructive method for evaluating density in tree 
breeding programs (Sprague et al. 1983; Woods et al. 1995; 
Hansen 2000). Wood density and pilodyn pin penetration were 
significantly negatively correlated (Wei and Borralho 1997; 
Wu et al. 2010, 2011; Hidayati et al. 2019). Research on the 
pilodyn for assessing genetic improvements of wood density 
and selecting Cryptomeria japonica trees has been conducted 
in Japan (Fukatsu et al. 2011).

 Genetic or phenotypic correlations between moisture content 
and other wood properties, such as extractives, holocellulose, 
lignin, alpha cellulose, lumen diameter, and cell wall thickness 
were weak. Moisture content was poorly correlated with pilo-
dyn penetration, specific gravity, and fiber length, suggesting 
that moisture content does not impact other wood qualities 
relevant to the selection process. A significant negative ge-
netic correlation was found between pilodyn penetration and 
specific gravity in the first-generation A. mangium progeny 
test in Pelaihari, South Kalimantan, with rg = -0.83, and in 
Wonogiri, Central Java, with rg = -0.91 (Susanto et al. 2012, 
2013). Strong negative correlations between pilodyn pin pen-
etration and basic density were also found in P. radiata with r 
= -0.80 (Cown and Hutchison 1983). Other progeny tests have 
revealed strong negative phenotypic and genetic correlations 
between pilodyn pin penetration and specific gravity in various 
species, including E. urophyla in Guangxi Zhuang Autonomous 
Region, with rg = -1.00 and rp = -0.80 (Wei and Borralho 1997); 
C. japonica in Japan, with rp = -0.92 (Yamashita et al. 2007); 
and E. urophyla in Vietnam, with rg = -0.86 (Kien et al. 2008), 
as well as E. nitens in eastern Victoria, Australia, with rg = 
-0.92 and rp = -0.59 (Greaves et al. 1996).
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Our research suggests that the negative genetic and phenotypic 
correlations between fiber length and other wood properties 
were weak. As a result, it is useful to select trees with high 
alpha cellulose or holocellulose contents without diminishing 
fiber length. A study on E. globulus in Northwestern Tasmania 
revealed a weak genetic correlation (rg = 0.21) between the 
fiber length and specific gravity (Apiolaza et al. 2005). A weak 
genetic correlation was observed in the A. mangium progeny 
test between specific gravity and fiber length, extractive content 
and holocellulose content, lignin content and specific gravity, 
and lignin content and cell thickness. A weak or moderate 
correlation between these wood properties implied that they 
were insufficient for estimating wood properties.

Specific gravity, fiber length, holocellulose content, and al-
pha cellulose were anticipated to improve by 9.72%, 3.57%, 
1.77%, and 6.53%, respectively, following selection at 3 years 
of age (Table 4). The projections in wood properties may be 
considered cautious, due to the exclusion of some factors from 
these computations. Concurrently, extractive content and lig-
nin content may decrease by 6.95% and 4.22%, respectively 
(Table 4). However, it is important to note that for the families 
in Subanjeriji, this degree of improvement is necessary to 
align the selected population’s wood properties with those of 
the A. mangium plantation in Indonesia. This study’s results 
demonstrate significant improvements in the commercial wood 
quality of A. mangium by selection and breeding. A program is 
now in progress in South Sumatra involving the progeny test 
of A. mangium at the Subanjeriji trial, aimed at converting it 
into a seedling seed orchard. The anticipated result of utilizing 
improved A. mangium seeds is a more efficient pulp and paper 
industry in Indonesia, yielding higher profits for companies 
and thus providing a stronger incentive to replace declining 
plantations with superior germplasm. An anticipated substantial 
advantage from a more efficient A. mangium is expected for 
several pulp and paper facilities in Indonesia.

Conclusions
Analysis of wood properties and genetic parameters in the 
third-generation offspring test of A. mangium indicated that 
genetic variations in wood properties were relatively low; 
however, there were moderate to high heritability values for 
attributes such as pilodyn penetration, holocellulose content, 
lignin content, extractive content, specific gravity, fiber length, 
and alpha-cellulose content. Consequently, these wood prop-
erties can serve as a basis for tree selection to enhance wood 
quality. Pilodyn penetration, which was strongly genetically 
correlated with wood properties, can be employed for tree 

selection to improve wood quality without causing damage 
to the tree stem. Concurrently, specific gravity, fiber length, 
holocellulose content, and alpha cellulose can be enhanced, 
while diminishing extractive content and lignin, thus improving 
the quality of the resultant wood for pulp production.
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Spatiotemporal dynamics of termite infestation in urban 
Araucaria cunninghamii: A case study in Taipei

* Corresponding author

Abstract. Termite feeding on the trunk cross-sections of Araucaria cunninghamii in Taipei, Taiwan, was examined 
using 2D stress wave imaging (FAKOPP system). Six inspections were conducted at 2-month intervals to monitor 
six trees. 2D cross-sectional stress wave velocity images were created at different heights (30–180 cm) to assess 
termite feeding damage. Termite damage, quantified as damage ratio (DR, %), ranged from 0% to 55% across 
different trees and heights, with maximum increases of up to 21% in DR observed over a 2-month period. In 
the investigated cases, termites primarily fed on the interior of tree trunks. The feeding pattern typically extended 
longitudinally, then proceeded in a tangential (circular) direction, and finally moved radially. This study identified 
Coptotermes formosanus as a key termite species involved. Typically, termites prioritized feeding on the earlywood 
over the latewood. The periods with the highest damage to trunk cross-sections due to termite feeding occurred 
during seasons with higher temperatures and relative humidity. Damage initially appeared near the heartwood 
or the boundary between the heartwood and sapwood, gradually expanding into the heartwood. Of the six trees 
monitored for the full study duration (after one tree was felled for validation), subterranean termite tunneling 
was observed as the primary pattern in three trees, while aerial swarm invasion patterns were inferred for two 
trees based on initial damage locations.
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Introduction
Termites are integral to ecosystems, contributing to processes 
like nutrient cycling and decomposition (Myer and Forschler 
2018), but certain species, particularly wood-feeders, simul-
taneously present potential threats to forest ecology and trees. 
Certain termite species, such as those belonging to the genus 

Coptotermes, are notorious for their wood-feeding habits, with 
a particular inclination for devouring the interiors of living 
trees, posing significant risks to their structural integrity. This 
propensity poses a substantial risk to both the structural sta-
bility and overall health of trees. Therefore, a comprehensive 
exploration of termite behavior and their potential tree-related 
damage is important for assessing risk.

In Taiwan, hoop pine (Araucaria cunninghamii Aiton ex D. 
Don.) is commonly planted as an ornamental tree in parks, 
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roadsides, and campuses throughout Taipei due to its aesthetic 
appeal and adaptability to urban environments. While multiple 
tree species in Taipei are susceptible to termite attack, recent 
incidents involving A. cunninghamii on the study campus 
highlighted a specific vulnerability that warranted focused in-
vestigation. Recent research has underscored the susceptibility 
of hoop pines to termite-induced damage, often culminating 
in unanticipated tree collapse (Lin et al. 2016). Such collapses 
can pose significant threats to human safety and property, given 
that termite-infested trees frequently become unstable because 
of  damage to their trunk bases and main stems. In Taiwan, 
termites from the Coptotermes genus, notably the Formosan 
subterranean termite (Coptotermes formosanus Shiraki), are 
recognized as major contributors to forest and tree deterioration 
(Liang et al. 2020). Surveys reveal that, following tree dam-
age caused by typhoons, these termites target the heartwood 
of standing tree trunks, resulting in hollowing and structural 
impairment within the stem (Lai 2019).

The assessment and management of tree-related risks are 
critical for upholding the safety and well-being of forests and 
individual trees. In forest resource management, early detection 
and appraisal of potential hazards play a key role in avert-
ing damages and ensuring the long-term viability of forests. 
Consequently, the realms of tree risk assessment and man-
agement have acquired considerable importance. Heightened 
concerns about public safety and the preservation of urban 
trees have accentuated the need for the development and ap-
plication of rapid, precise, and cost-effective technologies to 
identify decay and other structural vulnerabilities within trees 
(Li et al. 2022; Martiansyah et al. 2022).

While visual tree assessment has long been a valuable tool 
involving the visual inspection of external tree defects, instru-
mental measurement of internal flaws, and assessment of wood 
strength, it often falls short in detecting termite-induced dam-
age within tree trunks, where these insects primarily operate. 
In response, non-destructive testing techniques employing 2D 
imaging methods have been developed for the assessment and 
examination of wooden materials. Acoustic techniques have 
proven highly effective for detecting and evaluating decay 
and voids within various tree trunks, offering a vital means 
of ensuring tree safety and health (Allison et al. 2020; Goh et 
al. 2018; Linhares et al. 2021; Soge et al. 2021). Stress wave 
testing, which detects internal defects by measuring the ve-
locity of mechanical waves propagated through the trunk, has 
emerged as a powerful tool for assessing the internal condition 
of trees. Termite-damaged areas, containing internal voids or 
decayed wood, typically exhibit reduced stress wave veloc-

ity compared to sound wood, allowing for their detection and 
mapping (Lin et al. 2016; Wei et al. 2022). The non-invasive 
nature of stress wave and ultrasonic assessments makes them 
practical and feasible for tree inspections.

Selection of A. cunninghamii as the subject of this research 
arises from the discovery of termite infestation by C. formo-
sanus, commonly referred to as the Formosan subterranean 
termite, within this tree species on the campus of a university 
in Taipei. The presence of termite colonies within these trees 
carries long-term implications. However, quantitative in situ 
monitoring of subterranean termite feeding in urban trees re-
mains challenging (Thant et al. 2022), meaning that for these 
specific trees, the rate and extent of termite feeding remain 
unclear. To systematically monitor and manage these trees, a 
detailed program of inspections and analyses is indispensable. 
Our principal objective is to acquire an extensive understanding 
of termite invasion patterns, as well as the rates and patterns 
of damage inflicted by termites on the internal wood of A. 
cunninghamii trees. To achieve this objective, we monitored 
termite activity in A. cunninghamii using non-destructive 2D 
stress wave imaging at multiple time points (six inspections 
at 2-month intervals) and tree heights (30–180 cm). This ap-
proach allowed us to detect and assess termite feeding behavior, 
shedding light on termite invasion patterns and the extent of 
their internal damage. The outcomes of this research endeavor 
will provide invaluable insights for tree risk assessment and 
management, while also contributing to strategies for the 
prevention and control of termite infestations

Materials and methods
Materials

This study was conducted within the Gongguan Campus of 
National Taiwan Normal University (NTNU, 25.00790°N, 
121.53711°E), in Taipei, Taiwan. The background for this re-
search stems from an incident that occurred in April 2022 when 
an A. cunninghamii tree collapsed on the campus. Subsequent 
examination of the internal tree trunk revealed damage caused 
by the Formosan subterranean termite (C. formosanus). To 
ensure the safety of all A. cunninghamii trees on the campus, a 
comprehensive survey was carried out in the immediate vicinity 
(within a 50-m radius) of the fallen tree to identify trees that 
might have been affected by termite infestation. This survey 
involved visual inspection for external signs of termite activity 
(e.g., mud tubes, damaged bark) and preliminary stress wave 
screening on approximately 15 A. cunninghamii trees in this 
zone. The initial goal was to establish a tree risk monitoring and 
management system. Selection criteria included: (1) proximity 
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to the original collapsed tree, (2) presence of preliminary signs 
of potential termite activity or internal defects suggestive of 
infestation based on the initial screening, and (3) accessibility 
for repeated measurements. The selected trees represented a 
range of conditions observed in the affected area. Given the 
presence of termite populations in the region and their potential 
for ongoing harm to the trees, it became necessary to conduct 
regular inspections of these trees to gain a deeper understanding 
of the invasion patterns and rates of internal termite damage.

Stress wave tomography and damage assessment

To evaluate the extent of termite feeding damage, we conducted 
experimental inspections on all the trees in the vicinity of the 
fallen tree. We selected six A. cunninghamii trees for long-term 
monitoring of termite feeding damage. Trees ranged in age 
from 40 to 50 years and had a breast height diameter ranging 
from approximately 40 to 55 cm. Considering that termite 
infestations primarily occur inside trees, we employed stress 
wave detection methods (Figure 1). Tests were conducted 
in June 2022, August 2022, October 2022, December 2022, 
February 2023, and April 2023, to examine the cross-sectional 
trunk areas at different height levels and assess the extent of 
termite damage within the trees.

We employed a FAKOPP stress wave timer (FAKOPP 
Enterprise, Hungary) equipped with eight probes. Measurements 
were taken at eight equidistant points along the circumference 
of the tree trunk approximately 30, 60, 90, 120, 150, and 180 
cm in height from the ground along the tree trunk, targeting 
sections with visible or suspected signs of termite infestation 
(e.g., mud tubes on bark, flight holes, galleries exposed after 
minimal bark removal, or hollow sounds upon tapping) and 
areas suspected of containing decay cavities based on pre-
liminary visual assessments or an initial campus-wide survey.

The sensors were oriented perpendicular to the longitudinal 
axis of the tree trunk to measure the propagation time and stress 
wave velocity. We conducted the strikes in sequential order at 
positions 1 to 8, repeating the measurements five times to obtain 
an average value. Throughout the testing process, we acquired 
a complete data matrix for the transverse stress wave detection 
area of each tree. Each probe act sequentially as a transmitter 
while the remaining seven acted as receivers. The number of 
unique pairwise paths for stress wave propagation was calcu-
lated as N(N−1)/2, where N is the number of probes. Thus, 
eight probes resulted in (8×7)/2=28 independent propagation 
time measurements at each test location. The propagation path 
of the transverse stress wave was determined by utilizing the 
eight probes with both receiving and transmitting capabilities.

Figure 1. Acoustic tomography test on A. cunninghamia trees using a Fakopp 
stress wave tomographic tool showing (a) the sensor arrangement; (b) the 
paths of acoustic measurement; and (c) a grayscale image of a stress wave 
tomogram. 

b

a

c

Data analyses

 The cross-sections and the distances between sensors were 
measured with a tape measure. The software approximated the 
circular cross-sectional shape as the standard. All instruments 
were operated according to their respective operational manu-
als, with data computation and analysis performed using the 
ArborSonic software. Although raw propagation times were 
collected, the software internally used these times along with 
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precise path distances (derived from the input geometry) to 
generate velocity values. Concurrently, the influence of probe 
spacing was also handled internally by the software; thus, 
velocity values were inherently normalized by the software. 

First, following the completion of stress wave acoustic mea-
surements, we employed ArborSonic software to generate 
transverse stress wave 2D images for each cross-section. 
Each 2D stress wave image was accompanied by a color scale 
that represented the measured stress wave velocity. The scale 
was calibrated separately for each sample tree so that its end-
points corresponded to the maximum and minimum velocities 
recorded during that particular test. Secondly, we used the 
ArborSonic software program to generate stress wave velocity 
2D images of the cross-sections, which were calculated based 
on the raw, unadjusted, and unnormalized propagation times 
obtained during the experiments.

The stress wave velocity corresponding to each pixel in the 
images was quantitively used to assess stress wave velocity in 
2 D images. Visualization and transformation of the 2D cross-
sectional images were used to generate stress wave velocity 
distribution maps for different positions. Each 2D stress wave 
image was accompanied by a color scale that represented the 
measured stress wave velocity. The scale was calibrated sepa-
rately for each sample tree so that the endpoints corresponded 
to the maximum and minimum velocities recorded during 
that particular test. Finally, we rationalized and corrected the 
damage rate of termite feeding on the trunk cross-sections 
based on the 2D images. According to the operating manual, 
the damage ratio (DR, %) was operated such that when the 
relative velocity decrease was 0, 5, 10, 15, 20, 30, 40, 50, and 
>50%, the estimated decayed area was 0, 0, 0, 0–10, 10–20, 
10–20, 20–40, 30–50, and >50% by ArborSonic software, 
respectively (FAKOPP 2020). 

Gross errors or noisy signals were managed according to the 
operator manual guidelines, and re-measurements were per-
formed at that sensor point. Multiple stress wave measurements 
were repeated at each probe to collect five data points, which 
were then averaged to provide a mean propagation time for 
each path before velocity calculation. The variability of these 
repeated measurements was monitored during collection to 
ensure signal stability.

After integrating the stress wave characteristic information 
and 2D images of each cross-section, we conducted sampling 
using an increment borer to extract 5 mm diameter increment 
cores from the bark to the pith of each tree trunk. The cores 
were assessed for wood damage and the holes were examined 
using an endoscope (model TON-666LNP, resolution 370,000 

pixels, with built-in LED illumination, inspection depth up to 
115 cm) for signs of wood decay, damage, termites, or termite 
mud tunnels. This inspection served as a basis for comparison 
and adjustment against the stress wave velocity 2D images.

Ultimately, we chose six A. cunninghamii trees that had expe-
rienced termite feeding damage to be monitored over the long 
term. Tree No. 36 was felled in September 2022, prior to the 
end of the test. This tree was chosen for felling because internal 
stress wave assessments showed that it had consistently high 
and widespread internal damage and was identified as a high-
risk tree by campus management, necessitating its removal 
(Figure 2). Finally, based on the results of the aforementioned 
experiments, we evaluated and summarized the patterns of 
termite feeding damage inside the trees. Using the adjusted 
termite feeding damage rates on cross-sections, we provided 
a reference for tree inspection and risk management.

Results and discussion
Temporal patterns of termite activity

The August 2023 examinations utilizing increment borers and 
endoscopic tools unveiled ongoing termite activity within Trees 
29 and 32, implying that termites were actively feeding on the 
wood within these trees. Furthermore, although termites were 
not observed in Trees 28, 34, and 43, traces of termite tunnel-
ing soil, such as termite galleries partially filled with soil and 
frass (termite tunneling soil), were detected. These findings 
suggested that termites had previously been active within 
these trees but had gradually vacated during our inspections.

Stress wave testing of Tree 29 yielded lateral stress wave 2D 
images, with specific findings presented in Table 1. There was 
a progressive manifestation of termite activity within the tree 
trunk from June 2022 to April 2023, primarily originating from 
the base of the tree below ground level and advancing upward. 
Damage levels within trunk cross-sections at various heights 
ranged from 5% to 20%, exhibiting a gradual upward trend. 
Particularly noteworthy was the period between February 
2023 and April 2023, where damage rates surged from 13% 
to 20%, representing a 7% increase in 2 months. In contrast, 
damage rates increased at a slower pace during other periods.

Spatial dynamic of termite damage

Tree 28 exhibited an upward termite infestation pattern, likely 
originating from subterranean activity, with DR ranging from 
3% to 17% in the lower trunk sections (Table 2). The primary 
increase in damage (from 11% to 17% at 30 cm) occurred be-
tween June and August 2022. Live termites were not detected 
by August 2023.
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Figure 2. Cross-sections of A. cunninghamia tree (No. 36) damaged by termite infestation.

Lateral stress wave 2D images for Tree 32 showed a gradual 
consumption of the tree trunk by termites (Table 3), likely origi-
nating from the base of the tree within the soil below ground 
level and extending upwards. Consequently, the damage rate 
in the trunk cross-sections near the base of the tree exceeded 
that at higher cross-sections. Overall, damage rates within the 
trunk cross-sections ranged widely, from 10% to 55%. The most 
substantial change transpired between August 2022 and October 
2022, as the damage rate more than doubled from 16% to 37%. 
Thereafter, damage rates stabilized, suggesting that termites 
primarily consume sections that had already sustained damage.

Vertical and radial patterns of termite infestation

The stress wave 2D images for tree numbers 28, 29, and 32 
consistently demonstrated termite infestation commencing near 
the base, close to ground level, and subsequently extending 
upwards. This attack often commenced in the heartwood or 

at the heart/sap boundary before progressively infiltrating the 
heartwood region.

Stress wave 2D images for Tree 34 showed gradual termite 
infestation within the tree trunk where damage was initially 
observed or was more concentrated in the upper portions of 
the assessed trunk sections and appeared to extend downwards 
towards the base (Table 4). Overall, damage rates within the 
trunk cross-sections varied from 7% to 29%. The most notable 
change occurred between August and October 2022, with the 
damage rate escalating from 23% to 31%. Subsequently, there 
was a modest rise (ranging from 2% to 5%) in damage rates 
across various trunk cross-sections during later inspection 
periods. 

In line with inspection results, termite infestation initially 
emerged 1.5 m above the ground, infiltrating the trunk cross-
section from the outer side at the juncture of the sapwood and 
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Table 2. Transversal stress wave velocities and 2D imaging of A. cunninghamii (Tree No. 28) 30, 45 and 60 cm above the ground, based on six 
time-series sampling points collected from June 2022 to April 2023. 

No Tree height 
(cm)

Velocity 
(m/sec) June 2022 August 2022 October 2022 December 2022 February 2023 April 2023

28 60
Max 1384 1337 1342 1376 1379 1342

Min 1059 1023 1026 1052 1055 1026

2D

DR (%) 0 0 0 0 0 0

28 45
Max 1331 1344 1294 1344 1314 1272

Min 1018 1028 989 1028 1005 973

2D

DR (%) 3 3 4 4 4 4

28 30
Max 1195 1303 1252 1266 1308 1235

Min 914 997 958 968 1000 945

2D

DR(%) 11 17 17 17 17 17
DR, damage ratio (%)

heartwood, and gradually progressing towards the base and 
heartwood. The trunk sections 90 cm and 120 cm above the 
ground sustained the most substantial impact.

Stress wave 2D images for Tree 43 revealed gradual termite 
infestation within the tree trunk, potentially emanating from 

the upper sections and descending towards the base (Table 
5). Overall, damage rates within the trunk cross-sections 
ranged from 7% to 35%. The most remarkable transition oc-
curred between February and April 2023, with damage rates 
rising from 14% to 19%. Rates ranging from 2% to 4% were 

Table 1. Transversal stress wave velocities and 2D imaging of A. cunninghamii (Tree No. 29) 30 cm above ground, based on six time-series 
sampling points collected from June 2022 to April 2023.

No Tree height 
(cm)

Velocity 
(m/sec) June 2022 August 2022 October 2022 December 2022 February 2023 April 2023

29 30
Max 1264 1214 1289 1312 1320 1261

Min 967 928 986 1004 1009 964

2D

DR (%) 0 5 6 10 13 20
DR, damage ratio (%)
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Table 3. Transversal stress wave velocities and 2D imaging of A. cunninghamii (Tree No. 32) 30, 60, 90, 120 and 150 cm, based on six time-
series sampling points collected from June 2022 to April 2023.

No Tree 
height(cm)

Velocity 
(m/sec) June 2022 August 2022 October 2022 December 2022 February 2023 April 2023

32 150
Max 1643 1556 1472 1571 1640 1542

Min 1257 1190 1126 1201 1254 1180

2D

DR (%) 10 16 37 37 37 37

32 120
Max 1258 1158 1105 1157 1131 1109

Min 962 886 845 885 865 848

2D

DR (%) 40 48 52 52 52 52

32 90
Max 1366 1198 1221 1236 1182 1180

Min 1045 916 933 945 904 902

2D

DR (%) 54 54 54 54 54 54

32 60
Max 1406 1325 1170 1276 1384 1315

Min 1076 1013 895 976 1059 1005

2D

DR (%) 54 54 54 54 54 54

32 30
Max 1042 1002 1027 993 1026 996

Min 797 766 785 760 785 762

2D

DR (%) 55 55 55 55 55 55

DR, damage ratio (%) 
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Table 4. Transversal stress wave velocities and 2D imaging of A. cunninghamii (Tree No. 34) 30, 60, 90, 120 and 150 cm, based on six time-
series sampling points collected from June 2022 to April 2023.

No Tree height 
(cm)

Velocity 
(m/sec) June 2022 August 2022 October 2022 December 2022 February 2023 April 2023

34 150
Max 1571 1548 1519 1486 1509 1563

Min 1202 1184 1161 1136 1154 1195

2D

DR (%) 7 8 8 8 13 13

34 120
Max 1459 1440 1449 1387 1408 1429

Min 1116 1101 1108 1061 1076 1093

2D

DR (%) 21 23 31 31 31 31

34 90
Max 1373 1452 1440 1438 1453 1443

Min 1050 1110 1101 1099 1111 1104

2D

DR (%) 25 25 25 29 29 29

34 60
Max 1381 1434 1417 1416 1403 1392

Min 1056 1097 1083 1083 1073 1064

2D

DR (%) 20 20 20 24 24 24

34 30
Max 1352 1397 1400 1362 1307 1335

Min 1034 1068 1071 1041 999 1021

2D

DR (%) 17 17 17 22 22 24
DR, damage ratio (%)
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Table 5. Transversal stress wave velocities and 2D imaging of A. cunninghamii (Tree No. 43) 30, 60, 90, 120, 150 and 180 cm, based on six 
time-series sampling points collected from June 2022 to April 2023.

No Tree height 
(cm)

Velocity 
(m/sec) June 2022 August 2022 October 2022 December 2022 February 2023 April 2023

43 180
Max 1505 1513 1487 1497 1497 1475
Min 1151 1157 1137 1144 1145 1128

2D

DR (%) 31 33 35 35 35 35

43 150
Max 1458 1526 1468 1537 1459 1466
Min 1115 1167 1122 1176 1116 1121

2D

DR (%) 29 31 31 35 35 35

43 120
Max 1416 1432 1376 1428 1397 1348
Min 1083 1095 1052 1092 1069 1031

2D

DR (%) 25 25 25 28 28 28

43 90
Max 1189 1228 1267 1373 1245 1326
Min 909 939 969 1050 952 1014

2D

DR (%) 14 14 14 14 14 19

43 60
Max 1373 1370 1334 1384 1323 1358
Min 1050 1048 1020 1058 1012 1038

2D

DR (%) 11 11 11 11 11 11

43 30
Max 1273 1245 1259 1302 1265 1273
Min 974 952 963 996 968 973

2D

DR (%) 7 7 7 7 7 7
DR, damage ratio (%)
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Table 6. Transversal stress wave velocities and 2D imaging of 
A. cunninghamii (Tree No. 36) 30, 60, 90, 120, 150 and 180 cm, based on 
six time-series sampling points collected from June 2022 to August 2022.

No Tree height 
(cm)

Velocity 
(m/sec) June 2022 August 2022

36 30 Max 1452 1434
Min 1110 1097

2D

DR (%) 38 38

36 60 Max 1520 1443
Min 1162 1104

2D

DR (%) 37 41

36 90 Max 1463 1427
Min 1119 1091

2D

DR (%) 47 47

36 120 Max 1447 1292
Min 1106 988

2D

DR (%) 51 51

36 150 Max 1563 1438
Min 1195 1100

2D

DR (%) 53 56

36 180 Max 1557 1456
Min 1191 1114

2D

DR (%) 52 55
DR, damage ratio (%)

observed across various trunk cross-sections during different 
inspection periods. 

Termite infestation initially occurred at 1.8 m above the ground. 
Trunk sections 180 cm and 150 cm above the ground experi-
enced the most substantial impact, with higher damage rates 
in the upper trunk portions compared to the base.

Stress wave 2D images of Tree 36 were based on the inspec-
tions conducted in June and August 2022, before this tree was 
felled in September 2022 (Table 6). A visual examination was 
performed to assess the extent of termite damage across trunk 
cross-sections at varying heights (Figure 2). Visual inspection 
of the felled tree cross-sections allowed for detailed char-
acterization and quantitative assessment of termite-induced 
damage patterns and rates (Table 6), which served to validate 
and calibrate the interpretation of the non-destructive stress 
wave data.

Visual observations indicated that termite feeding patterns in-
volved longitudinal extension from the base upwards, followed 
by a tangential shift towards the earlywood, and subsequent 
radial movement. Termite movement patterns tended to be 
random, with no particular orientation. Notably, earlywood seg-
ments were the prime target of termite activity, with earlywood 
exhibiting more pronounced damage compared to latewood.

Termite feeding areas in Tree 36 were circular, point-like, or 
clustered in regions that gradually expanded and concentrated 
within the trunk interior. Lateral stress wave 2D images primar-
ily detected stress wave connection signals outside the feeding 
areas, which served as effective evaluation indicators. Termite 
feeding areas were less frequent within the sapwood region and 
primarily manifested within the heartwood and the boundary 
zone between the earlywood and latewood, extending deeper 
into the heartwood interior. Examination of trunk cross-sections 
from the felled tree highlighted a noticeable water staining 
phenomenon in the wood surrounding the damaged areas due 
to termite-induced damage.

Termites in Taiwan, including species such as Odontotermes 
formosanus (Shiraki), C. formosanus, and Coptotermes gestroi 
(Wasmann), are recognized as significant forest pests (Lee et 
al. 2011) and are known to construct mud tubes on tree bark 
and cause feeding damage to the living tree trunk. It is im-
portant to distinguish their feeding behaviors. For instance, O. 
formosanus primarily constructs mud tubes on the surface of 
tree trunks and feeds on the tree bark covered by these tubes, 
without invading the tree interior. In contrast, species like 
C. formosanus, identified in our study, are known to cause 
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extensive internal damage. Chiu et al. (2020) observed that 
trees were primarily affected by O. formosanus, with varying 
infestation rates among different tree species associated with 
distinct tree characteristics. This highlights the potential for 
different termite species to dominate in different contexts or 
tree species, exhibiting varied impacts.

The aggressive feeding behavior of Coptotermes species sig-
nificantly impacts tree health. For instance, mud tubes built 
by C. gestroi can extend as high as 6.35 m above ground on 
dead trunks of Luchu pine (Pinus luchuensis Mayr.), with 
16.0% of the cross-sectional areas of the trunk being dam-
aged by feeding. Lin et al. (2021) suggested that the feeding 
damage patterns of C. gestroi and C. formosanus are similar, 
as they tunnel into the trunk and base of trees, increasing their 
susceptibility to collapse. Furthermore, C. gestroi may tunnel 
into the tough bark and sapwood of trees, potentially leading 
to circumferential debarking and subsequent tree mortality 
(Chouvenc and Foley 2018). As the extent of damage caused 
by termite feeding varies among trees, this may have impli-
cations for the community structure within forest ecosystems 
(Evans et al. 2019).

This study primarily employed 2D stress wave imaging tech-
niques to assess the extent of termite-induced damage within 
the trunks of six trees. While using repeated stress wave 
tomography on living trees differs from previous methods 
that mainly relied on visual inspection of tree exteriors or 
observations of dead trees to investigate termites, the literature 
indicates that variations in termite species and environmental 
conditions can lead to different patterns of termite feeding 
(Scholtz et al. 2021).

Evans et al. (2019) observed that a higher occurrence of ter-
mites and the resulting damage to trees was associated with 
warmer and more humid climates. Other termite species, such 
as Paraneotermes simplicicornis (Banks), Heterotermes au-
reus (Snyder), and C. formosanus, exhibited increased rates 
of wood degradation with rising temperatures (Tai 2002). 
Therefore, warmer climates are often associated with higher 
termite frequencies and increased foraging frequency, a trend 
consistent with the findings of Chiu et al. (2015), who noted 
a significant positive correlation between temperature and 
termite foraging activity.

Our results showed that the damage rate caused by termite 
infestation was highest in tree specimens No. 28, 32, and 34, 
and that it typically occurred between June and August, which 
corresponded to the hottest season of the year, when termites 

would be most active. Taipei City experiences the highest 
average temperatures between June and September, ranging 
from approximately 28.3°C to 30.1°C, with relative humidities 
ranging from 70.2% to 75.3%. This result aligns with previous 
research findings (Chiu et al. 2015).

However, the maximum decay cavity rate due to termite in-
festation in Tree 29 and 43 occurred between February and 
April when Taipei City experiences the highest average relative 
humidity, approximately 74.9% to 77.8%, and temperatures 
ranging from 17.2 to 22.5 °C. This corresponds to the season 
immediately following the end of winter when temperatures 
begin to rise, and relative humidity is higher, potentially stimu-
lating termite foraging activity. Therefore, the periods of higher 
termite infestation rates observed in this study mainly coincided 
with seasons characterized by higher temperatures and relative 
humidity, rather than during the colder winter months.

The pathways and methods of termite infestation in residential 
buildings can be categorized into “trail invasion” or “swarming 
invasion” (Yagi 2018). In trail invasion (by subterranean termite 
mud tunnels), termites nest in dead trees, standing trees, or 
underground, extend their trails to expand their damage range 
and gain access to buildings in ground contact. Trail invasion 
is a common mode of entry, where termite trails extend verti-
cally from the ground upward. Swarming invasion (by aerial 
termite swarm flight) begins with winged termites swarming 
in pairs. They initially select damp nesting sites and later move 
to locations with relatively stable humidity, temperature, and 
a steady food supply (King and Spink 1969). This method 
may involve selecting trees, especially those with decayed 
portions, as these areas are conducive to termite concealment.

In this study, we observed that trees damaged by termites 
primarily experienced internal feeding within their trunks. 
Based on the initial damage locations and progression patterns, 
we inferred these two invasion modes in our study trees. The 
classification of termite infestation pathways into trail inva-
sion (subterranean) or swarm invasion (aerial) in this study 
was primarily inferred based on the following criteria: (1) The 
primary vertical location of initial and most severe damage, 
damage concentrated at the base of the tree (e.g., 30 cm height) 
and progressing upwards, was indicative of subterranean trail 
invasion. Conversely, damage initiated at higher points on the 
trunk (e.g., >1m) and progressing downwards or localized in 
upper sections was considered indicative of aerial swarm inva-
sion, potentially exploiting entry points like branch wounds. 
(2) Presence of external signs: while not always definitive, 
including visible mud tubes extending from the soil up the base 
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of the trunk supported classification as trail invasion. Direct 
evidence of aerial nests was not found, so swarm invasion 
was largely inferred from damage patterns inconsistent with 
a solely subterranean origin. The feeding pattern for subterra-
nean trail invasions typically involved vertical extension from 
the tree base, followed predominantly by a circular direction, 
and finally, a radial path. This mode of infestation was often 
initiated by termite trails below the soil, initially invading the 
base of the tree and then progressing upward, classifying it as 
a subterranean termite trail invasion.

Another mode of infestation occurred when termites, after 
swarming, initially invaded a specific height on the tree and 
then moved downward towards the base. This mode was as-
sociated with alates and was categorized as an above-ground 
termite swarm invasion pattern.

During the inspection in August 2023, it was observed that Trees 
29 and 32 still exhibited live termites, while Trees 28, 34, and 
43 no longer showed signs of live termites. This phenomenon 
of termite disappearance from Trees 28, 34, 43 by August 2023 
may have been influenced by physical disturbances during the 
inspection activities (e.g., drilling, sensor placement) or other 
environmental factors, potentially causing termite populations 
to vacate these specific locations between inspections.

The infestation mode for Trees 34 and 43 involved a termite 
swarm invasion pattern, which could make them susceptible 
to leaving the tree due to environmental disruptions. Whether 
the termite populations will return to these trees for feeding in 
the future requires further tracking and investigation.

Laboratory consumption rates of Reticulitermes flaviceps 
Oshima and Nasutitermes parvonasutus Light have been 
investigated on four different wood species (Tai 2002). 
Consumption rates ranged between 2.35 and 6.38 milligrams 
per day. Consumption rate of wood is influenced by several 
factors, including tree species, wood moisture content, termite 
colony condition, colony size, temperature, and humidity. It 
is noteworthy that these two termite species exhibited higher 
consumption rates on less dense wood species (Tai 2002). 

Morales-Ramos and Rojas (2001) reported that laboratory feed-
ing rate of the Formosan subterranean termite (C. formosanus) 
on Parana pine (Araucaria angustifolia), a highly preferred 
wood species, was approximately 0.49 milligrams per day. This 
rate was much lower than the rate reported by Tai (2002). In 
addition, a report by Jasmi and Ahmad (2011) mentions that 
hoop pines (A. cunninghamii), which have lower wood den-
sity, were attacked by Coptotermes curvignathus Holmgren, 

resulting in a damage rate of 15.9%. This accounted for 74% 
of the overall termite infestation rate (Jasmi and Ahmad 2011).

Secondary metabolites produced during wood decomposition 
may also influence interactions between termites and the wood. 
Therefore, variations in wood density and the production of 
secondary metabolites among different tree species result in 
different termite species showing preferences and ease of 
feeding on specific types of wood (Lai 2019).

Our study focused on hoop pine, A. cunninghamii, which is 
characterized by lower density, and we found that termites 
preferred less dense earlywood over latewood. Termites also 
initially targeted the sapwood/heartwood boundary. This be-
havior may be influenced by the secondary metabolites pro-
duced by living sapwood in the trees. Notably, termites were 
observed in our study to less frequently damage the sapwood 
region. Sapwood typically has higher moisture content, dif-
ferent chemical composition (e.g., fewer extractives, more 
starches) and is physiologically more active compared to 
heartwood (Li et al. 2019). These factors, or the proximity of 
sapwood to the external environment, might influence termite 
preference. Consequently, termites primarily consumed and 
extended their damage from the boundary between the sapwood 
and heartwood or the heartwood region, gradually progressing 
further into the heartwood.

The concept of tree defense known as the compartmentalization 
of decay in trees (CODIT) model, describes a self-protective 
system within trees where four conceptual zones—referred to 
as “reaction zones”—develop inside the wood to isolate and 
limit the spread of decay or injury (Morris et al. 2016; Pearce 
and Rutherford 1981; Shigo 1984; Smith 2020). In the first 
stage of the defense mechanism, physiological changes occur 
within the wood at Zones 1 (longitudinal), 2 (radial), and 3 
(tangential). The final and strongest defense mechanism is the 
barrier zone produced by the formation of new tissue (Dunster 
et al. 2013). Typically, the direction in which decay in wood 
is most likely to expand follows a pattern of longitudinal first, 
then radial, and finally tangential. Visual inspection confirmed 
the localized internal decay zones observed in our acoustic data

In this research case, termites initially fed longitudinally, 
primarily along the tangential earlywood, and finally spread 
radially. This difference in feeding behavior compared to typi-
cal fungal decay spread patterns described by CODIT may be 
attributed to distinctions between active termite excavation and 
fungal decay processes. However, darker wood stains were 
observed near the wood surface affected by termite feeding 
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damage in the felled Tree 36 and noted in some endoscopic 
views. Wounding and subsequent microbial colonization, even 
if initiated by termites, can trigger CODIT responses in trees 
(Yatsko et al. 2024). This staining could therefore potentially 
represent a physiological response, such as the formation of 
a reaction zone (Wall 3 or even Wall 4, if cambial activity is 
involved) to internal wood damage and associated microbial 
activity caused or facilitated by termite feeding. Whether 
this observed staining fully aligns with defined CODIT walls 
would require further histological and chemical investigation 
for confirmation. It is important to note that while termite 
galleries represent a direct removal of wood, any associated 
staining or discoloration patterns would be the tree response 
to wounding and invasion by opportunistic microorganisms.

The generalizability of our findings may be constrained by 
the relatively small sample size. Although the trees were of a 
similar age range (40–50 years), variations in individual tree 
physiology, microclimate, and precise wood moisture con-
tent (which was not measured) could have influenced stress 
wave velocities and termite activity. We attempted to mitigate 
this by focusing on relative changes within individual trees. 
Furthermore, stress wave imaging possesses inherent resolution 
limitations. Previous research (Ostrovsky et al. 2017) indicated 
that stress wave technology only detected defects or decay 
when they occupied more than 2.8%–5% of the cross-sectional 
area, meaning that very small, isolated cavities or incipient 
decay might not be detected by this method. Accuracy can 
also be affected if the software does not adequately account 
for irregular trunk geometries. Species level identification of 
termite species was not possible for some trees where only 
remnant damage was present. Finally, the classification of 
infestation pathways was largely inferred from damage pat-
terns rather than direct observation of alate colonization or 
extensive subterranean tunneling.

Conclusions
C. formosanus infested urban A. cunninghamii trees through 
both subterranean tunneling and aerial swarm invasions. 
Termite feeding damage was primarily concentrated in the 
heartwood, progressing longitudinally before moving tan-
gentially through the preferred earlywood and then radially. 
Damage rates increased most substantially during warmer, 
humid seasons, with observed increases as high as 21% over 
a 2-month period. These findings demonstrate the value of 
repeated non-destructive stress wave imaging for monitoring 
the spatiotemporal dynamics of termite infestations, which is 
crucial for risk assessment and management of urban trees.
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Abstract. The soundboards of guitars have been crafted from wood since the beginning of string instruments. 
Based on industry-specific criteria, soundboards have traditionally been made from spruce and a few selected 
tropical wood species. This paper aims to find potential U.S. hardwoods that can serve as viable options to 
supplement the current manufacturing needs of the guitar industry. This paper also identifies the properties 
within the industry-specific criteria and determines how each property contributed to the market success of the 
soundboard woods used in production. The woods were separated into spruces, other woods in production, and 
U.S. hardwoods. A decision matrix determined which U.S. hardwoods would make viable options for production-
grade soundboards. Basswood has the most promise of being a supplemental option.
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Introduction
Wood has been used for the bodies of stringed instruments since 
the earliest times. As stringed instruments evolved, a common 
form emerged: a hollow body with a flat top or soundboard and 
a long neck. While decorative elements varied, the structures 
were almost always made of wood. The acoustic guitar emerged 
from Europe and the United States in roughly its modern form 
by the middle of the 19th century (Turnbull 1974).

Soundboards, or tops, are predominantly made from a few 
species of conifers, mainly spruce (genus Picea). However, a 
small number of steel-string guitars use tropical woods. Most 
acoustic guitars have a top with an “hourglass” shape, with the 
lower part, or lower bout, being longer and broader than the 
upper part or upper bout. The soundboard’s waist separates 
the upper and lower bouts. Figure 1 displays a basic diagram 
of an acoustic guitar.

Soundboards are made from quarter-sawn wood to obtain 
the wood with the most dimensionally stable properties. 
Soundboards are usually made by book-matching, “a process 
in which a plank is split and opened up in the same manner as 
opening a book” (French 2012, 138). The two boards are then 
joined together at a seam along the grain to make a soundboard. 
Book matching two boards requires large diameter logs, which 
can only be obtained from harvesting old-growth trees. 

Traditionally, old-growth spruce trees are used to make sound-
boards for acoustic guitars. However, the old-growth spruce the 
guitar industry uses is quickly diminishing due to the expected 
quality of wood. The quality of wood used for guitar tops is 
exceptionally high; some even consider it rare (Gibson and 
Warren 2021). Guitar builders prefer tops with “straight, even 
grain with closely spaced growth rings, which is relatively 
stiff when flexed by hand across the grain, and rings well 
when held lightly and tapped with a fingertip” (French 2022, 
61). The industry may need to look to other woods to keep up 
with its manufacturing needs. This paper aims to determine 
if U.S. hardwoods are a viable option for supplementing the 
production of acoustic guitar soundboards.

mailto:dpessler@purdue.edu
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Materials and methods
Woods

Spruce is the most common material used for guitar tops. Sitka 
spruce (Picea sitchensis) is the most commonly used spruce for 
guitar tops, making up approximately 80 percent of all guitars 
in production worldwide (CMUSE 2022). Taylor Guitars, a 
major American guitar manufacturer, makes 85%–90% of their 
guitars with Sitka spruce tops (Taylor Guitars 2024). Other 
spruces used in acoustic guitar soundboards are Engelmann 
(Picea engelmannii), red (Picea rubens), white (Picea glauca), 
European (Picea abies), and Lutz (Picea x lutzii).

Due to the limited supply of the quality spruce wood necessary 
for acoustic guitar soundboards, the market currently offers 
alternatives to spruce-top guitars. Most of the major American 
guitar companies, including Fender, Taylor, and Martin, offer 
tops that are not of spruce. Fender uses hardwoods such as 
mahogany (Swietenia macrophylla), sapele (Entandrophragma 
cylindricum), and agathis (Agathis australis). Taylor uses hard-
woods such as mahogany, koa (Acacia koa), walnut (Juglans 
nigra), big leaf maple (Acer macrophyllum), and softwoods 
like western red cedar (Thuja plicata) and sinker redwood 
(Sequoia sempervirens). Martin uses sinker redwood.

One untapped resource that has the potential to be wood for 
acoustic guitar soundboards is domestic U.S. hardwoods. 
A few domestic hardwoods, like walnut, are rarely used for 
soundboards but are commonly used for other guitar parts. 
This paper considers basswood (Tilia americana), swamp ash 
(Fraxinus genus), yellow poplar (Liriodendron tulipifera), 

black cherry (Prunus serotina), birch (Betula alleghaniensis), 
and red alder (Alnus rubra) as possible soundboard options. 
These woods were chosen because they are either used in the 
production of other stringed instruments or other parts within 
the acoustic guitar body.

Given this selection of woods for guitar-making, this paper 
looks to prove if domestic U.S. hardwoods can supplement 
the existing materials based on their structural, acoustic, and 
aesthetic characteristics. Based on the number of hardwoods 
in industry standard guitars, domestic U.S. hardwoods should 
be a viable supplemental option.

Method

Choosing the right wood for an acoustic guitar soundboard is 
vital to the instrument as the soundboard is responsible for its 
tonal quality (Pessler 2024). This study selected three types of 
wood: spruces used in acoustic guitar production, non-spruce 
wood used in guitar production, and U.S. domestic hardwoods 
known to be associated with guitar soundboards. Using the 
selection criteria commonly used among luthiers, the acoustic, 
structural, and aesthetic properties of spruce and non-spruce 
wood used in acoustic guitar production were ranked based 
on a decision matrix. 

After the values were recorded and ranked, the study applied 
the same method to the selected U.S. domestic hardwoods. 
The hardwood properties were then compared to that of the 
properties of the spruce and non-spruce wood used in acoustic 
guitar production.  

Figure 1. Basic diagram of an acoustic guitar’s soundboard (Taylor Guitars 2024). 

     

  

Upper bout 

       Lower bout 

Waist 

Soundboard (Top) 



Wood and Fiber Science, July 2025, V. 57(3)138	

Selection criteria

Pedgley et al. (2009) state that “regardless of material, all 
acoustic guitar soundboards must satisfy three basic design 
criteria: structural, acoustic, and aesthetic” (p. 160). Their 
paper elaborates on these criteria by explaining that

“the designer’s task is to devise a soundboard with 
freedom to move (to satisfy acoustic criteria), whilst 
at the same time resisting twisting, bowing and other 
displacements that can arise from string tension (to 
satisfy structural criteria); and assuming the structural 
and acoustic criteria are met, the final requirement 
is for the soundboard to possess attractive sensorial 
properties (to satisfy aesthetic criteria)” (p. 160). 

Structural criteria
The material properties are a crucial factor in selecting wood 
for tops. The four significant material properties are density, 
stiffness, hardness, and strength. Guitar builders use low-density 
wood, as it makes the guitar lightweight and has more tonal 
complexity (C.F. Martin & Co., Inc. 2025a). Merchel et al. 
(2019) furthered this idea by concluding that low density and 
low Young’s modulus of the soundboard positively impact 
the guitar’s sound quality. The relationship between Young’s 
modulus and density is used to determine a widely referenced 
metric for selecting tops: specific stiffness. Specific stiffness, 
or stiffness-to-weight ratio, is Young’s modulus in the longi-
tudinal direction, EL, divided by the density, ρ, of the material 
and is denoted as  (Gore and Gilet 2011). Young’s modulus is 
known as the modulus of elasticity (MOE). 

Guitars are designed to have the lowest damping possible. 
Wood’s hardness is related to its internal damping, as harder 
woods have low damping and accentuate higher frequencies 
(Acoustic Guitarist 2025). The Janka hardness scale measures 
wood hardness. Woods with higher Janka hardness values have 
less internal damping. Damping is also an acoustic property 
and can be found via modal testing.

Wood strength is a secondary material property, as stiffness 
is proportional to compression strength parallel to the grain. 
When strength is increased, so is stiffness. A stiff soundboard is 
also a strong soundboard, so wood with higher strength would 
better resist the tension of the strings across the guitar’s bridge.

Acoustic criteria 
Soundboard materials are characterized by four acoustic prop-
erties: material speed of sound, sound radiation coefficient, 
characteristic impedance, and damping. Ideally, acoustic guitar 
soundboard woods have a high speed of sound, high sound radia-
tion coefficient, low characteristic impedance, and low damping.

The speed of sound through an orthotropic material, like wood, 
varies depending on the direction of the grain in relation to the 
measurement. This occurs because a material’s speed of sound 
is dependent on material properties. The material’s speed of 
sound, c, equation is

“Light wood with high stiffness along the grain has a higher 
speed of sound” (French 2022, 248). The speed of sound 
through a material is directly proportional to the material’s 
sound radiation coefficient and characteristic impedance. A 
material’s sound radiation coefficient, R, relates to how quickly 
sound can radiate from the material. A high sound radiation 
coefficient means a louder sound. The sound radiation coef-
ficient (SRC) equation is

Bucur (2006) stated that high-quality resonance wood should 
have the highest sound radiation coefficient and the lowest acous-
tic impedance. The material’s acoustic impedance of acoustic 
guitar soundboards is the mechanical input impedance. This 
term is purely resistive and real (Rossing and Fletcher 2004). 
Mechanical input impedance, Z0, is expressed by its equation,

The soundboard’s ability to efficiently radiate sound is funda-
mental to the guitar’s overall tonal characteristics and projec-
tion. The ideal soundboard would ring like a bell, meaning 
the higher resonance frequencies of the soundboard ring for 
a more extended period. Every resonance frequency rings in 
the same number of cycles. The bell-like sound radiates more 
cycles, thus reaching higher frequencies. Higher frequencies 
can be heard when there is low damping. 

Damping refers to absorbing or dissipating vibrational energy 
in the context of an acoustic guitar soundboard. Damping can 
be calculated via the half-power bandwidth method. According 
to ASTM (2017), the half-power bandwidth, also known as 
the 3dB method, works by

“using the response curve from each mode, measure 
the resonant frequency and the frequencies above and 
below the resonant frequency where the value of the 
response curve is 3 dB less (the 3 dB down points) 

(1)

(3)

(2)

c =√EL
ρ  

 

𝑅𝑅 = 𝑐𝑐
𝜌𝜌 = √𝐸𝐸𝐿𝐿𝜌𝜌3 

 

𝑍𝑍0 = 𝑐𝑐𝑐𝑐 = √𝐸𝐸𝐿𝐿𝜌𝜌 
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than the value at resonance. The frequency difference 
between the upper 3 dB down point and the lower 3 dB 
down point is the half-power bandwidth of the mode. 
The modal loss factor (η) is the ratio of the half-power 
bandwidth to the resonant frequency” (p. 6).

This method is predicated on the following equation:

Figure 2. Depiction of the half-power bandwidth method (Siemens 2020).

Where ζ is the damping ratio, Q is the quality factor, Δf3dB is 
the difference between the left and right frequencies (in Hz) 
when moving 3dB down the FRF, and fn is the frequency (in 
Hz) of the nth mode. The quality factor is inversely related to 
damping. So, to achieve the desired low damping, Q needs to 
be an enormous value (French 2022). This variable is unitless. 
This method is depicted in Figure 2.

Aesthetic criteria 
The end user (guitar player) visually values the aesthetics 
of guitars. Usually, the player must be attracted to how the 
guitar looks so that they will consider playing the instrument. 
On one end of the spectrum, some players will only consider 
an instrument they think is attractive. It does not matter how 
good it sounds in those cases – the player will never know. 
On the other end of the spectrum, other players may give 
the unattractive guitar a chance if they know who made the 
guitar and what materials went into making it. Pedgley et al. 
(2009) surmise that “wood is a material rich in visual, tactile, 

and olfactory properties and is regarded as a memento of the 
power, beauty, and lifecycle of nature” (p. 162). 

Decision matrix

A decision matrix was used to compare the wood’s material 
properties within each group. To summarize the tables in the 
Results section, let us look at the guitar industry’s benchmark 
material, Sitka spruce. Using Table 1, Sitka spruce has a 
density of 425 kg/m3, MOE of 11.03 GPa, specific stiffness 
of 27.5 x 106 m2/s2, Janka hardness of 2270 N, and compres-
sion strength parallel to the grain of 38.2 MPa. Based on the 
score ranges in Table 4, Sitka spruce has a density that falls 
within the score of “1”, MOE score of “0”, specific stiffness 
score of “5”, Janka hardness score of “5”, and strength score 
of “5”. Using the weight multipliers in Table 2, the weighted 
score of Sitka spruce’s density is “1” multiplied by four, which 
equals “4”. Its weighted score for MOE is “0” multiplied by 
three, which equals “0”. The weighted score of specific stiff-
ness for Sitka spruce is “5” multiplied by five, which equals 
“25”. Sitka spruce’s Janka hardness weighted score is “5” 
multiplied by one, which equals “5”. Finally, the weighted 
score for compression strength parallel to the grain is “5” 
multiplied by two, which equals “10”. These weighted values 
are presented in Table 6, as well as the total scores that were 
used to create Figure 3. This method was used for the non-
spruce wood soundboards in production material property 
rankings. The decision matrices were used to establish which 
material properties the guitar industry favors so that the U.S. 
hardwoods selected in this paper could be compared to what 
was already in production.

Results
Spruces as soundboards

Through the decades, guitar builders have found that old-growth 
spruce woods fit the criteria best. Old-growth woods are used 
for their size, as well as their stable and predictable proper-
ties. Table 1 shows the material properties and aesthetics of 
commonly used spruce woods for acoustic guitar soundboards, 
sourced from Eric Meier’s book, Wood! Identifying and using 
Hundreds of Woods Worldwide (2015) and Lisa Black’s thesis, 
Tonewood: An Environmental Perspective (2013). 

The spruces can be ranked based on the material properties of 
density, modulus of elasticity (MOE), specific stiffness, hard-
ness, and compression strength parallel to the grain. Using a 
decision matrix, the species can be objectively ranked on a 
scale from zero to five. Tables 2–5 show the breakdown of 
the decision matrix. 

(4)𝜂𝜂 = 2𝜁𝜁 = 1
𝑄𝑄 = Δ𝑓𝑓3𝑑𝑑𝑑𝑑

𝑓𝑓𝑛𝑛
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Table 3. Ranking assignments for each mechanical property.

Density  ρ MOE  EL Specific stiffness Janka hardness J Strength σ

5 0–394 0–9.25 26.5 + 2170 + 38 +

4 395–404 9.26–9.65 26.4–25.5 2169–2070 37.9–36.5

3 405–414 9.66–10.05 25.4–24.5 2069–1970 36.4–35

2 415–424 10.06–10.45 24.4–23.5 1969–1870 34.9–33.5

1 425–434 10.46–10.85 23.4–22.5 1869–1770 33.4–32

0 435 + 10.86 + 22.4–0 1769–0 31.9–0

Table 2. Weights of material properties.

Low High Weights

Density, ρ 5 0 4

MOE, EL 5 0 3

Specific stiffness, 0 5 5

Janka hardness, J 0 5 1

Strength, σ 0 5 2

Table 1. Mechanical property values and grain pattern descriptions for spruces used as guitar soundboards.

Woods Scientific name Density, ρ 
(kg/m3)

MOE, EL 
(GPa)

Specific stiffness, 
(106 m2/s2)

Janka hardness, 
J (N)

Strength, σ 
(MPa) Grain pattern

Sitka Picea sitchensis 425 11.03 27.5 2270 38.2 Fine, even texture; consistently straight 
(Meier 2015, 184)

Engelmann Picea engelmannii 385 9.44 24.5 1740 31.5
Fine, even texture; consistently 
straight; small knots are common 
(Meier 2015, 183)

White Picea glauca 425 9.07 21.3 2140 32.6 Fine, even texture; consistently straight 
(Meier 2015, 183)

Red Picea rubens 435 10.76 24.7 2180 33.6 Fine, even texture; consistently straight 
(Meier 2015, 183)

European Picea abies 405 9.70 24.0 1680 35.5 Fine, even texture; consistently straight 
(Meier 2015, 183)

Lutz Picea x lutzii 425 10.05 24.4 2205 35.4 Texture and luster of white spruce 
(Black, 2013)

Table 4. Unweighted rankings of spruces.

Sitka White Engelmann Red European Lutz

Density 1 1 5 0 3 1

MOE 0 5 4 1 3 3

Specific 
stiffness 5 0 3 3 2 3

Janka hardness 5 4 0 5 0 4

Strength 5 1 0 2 3 3

Totals 16 11 12 11 11 14

Table 5. Weighted rankings of spruces.

Sitka White Engelmann Red European Lutz

Density 4 4 20 0 12 4

MOE 0 15 12 3 9 9

Specific 
stiffness 25 0 15 15 10 15

Janka hardness 5 4 0 5 0 4

Strength 10 2 0 4 6 6

Totals 44 25 47 27 37 38

Table 6. Acoustic properties of spruces.

Density, ρ (kg/m3) MOE, EL (GPa) Speed of sound, c (m/s) SRC, R (m4/(kg-s)) Mechanical impedance, z (kg/(m2s))

Red 435 10.76 4,973.5 11.43 2,163,469

Engelmann 385 9.44 4,951.7 12.86 1,906,410

European 405 9.70 4,893.9 12.08 1,982,044

Lutz 425 10.05 4,862.8 11.44 2,066,700

Sitka 425 11.03 5,094.4 11.99 2,165,121

White 425 9.07 4,619.7 10.87 1,963,352
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Figure 3. Ranking spruces by material properties (Taylor Guitars 2024b, 2024c, 2024d; Forestry 2023).

Table 2 shows how the material properties are scored. Lower 
values are desired for density and MOE, so a score of “5” is 
given. A score of “0” is given to a spruce with high density. 
For specific stiffness, hardness, and strength, the opposite 
is true. Higher values are desired, so a score of “5” is given 
to the wood with the highest values. Table 2 also shows the 
weighted importance of each material property. The material 
properties are numbered from most significant to least, with a 
score of “5” being most significant and a score of “1” for least 
significant. The weighted score values were assigned to each 
material property based on the industry’s majority consensus.

Table 3 applies a value range to each number ranking for 
each material property. For example, let’s take the material 
property of density. The highest value of 435 was placed in 
the “0” category because a high-density value is not desirable. 
The lowest value of 385 needed to be in the “5” category so 
that the full range of scores was used. The best way to incre-
mentally distribute the density values among the scores was 
to group them in counts of ten. The rest of the density scores 
were determined by looking at Table 1 and seeing where they 
fell on the chart.

Table 4 shows the scores of each material property based on 
the value ranges in Table 3. The scores were totaled without 
weighted values. This table shows the total scores of the 
material properties for each spruce as if they were equally 
considered. Table 4 shows that Sitka spruce is the best wood 
for acoustic guitar soundboards.

Table 5 shows the final weighted decision matrix, and Figure 3 
depicts the results of Table 5. The weighted scores were found 
by adding the values in Table 4 with the weights in Table 2, 
Table 5, and Figure 3 show that if only material properties 
were considered when selecting materials for a soundboard, 
then Engelmann spruce would be the desired wood.

The material properties and aesthetics of tonewoods are only 
two influences on selecting a top for an acoustic guitar. The 
third is the material’s acoustic properties. Table 6 shows the 
calculated speed of sound, sound radiation coefficient, and 
mechanical impedance of each spruce based on the equations 
in the previous section (Wegst 2006).

The data in Table 6 show that Sitka spruce has the highest speed 
of sound, and Engelmann spruce has the lowest mechanical 
impedance and highest sound radiation coefficient, attributed to 
its low density. Figure 4 shows the order in which the spruces 
are used in industry, from most common to rarely used.

Non-Spruce Soundboards in Production 

Gore (2011) states that western red cedar and redwood show 
attributes of good woods for an acoustic guitar top. These 
woods’ material properties and grain pattern affect their status 
as an acceptable replacement for spruce tops. Table 7 shows 
the material properties and grain pattern of the listed alterna-
tive wood for a guitar soundboard, sourced from Meier (2015). 
The woods listed below are both hardwoods and softwoods. 

With Sitka spruce as a benchmark, Agathis is the only spe-
cies with relatively close specific stiffnesses. The following 
two closest woods are western red cedar and sinker redwood. 
Western red cedar and sinker redwood are attractive alterna-
tives due to their low densities. Sapele and Hawaiian Koa are 
the strongest materials in this selected group. 

Based on the material properties, the current alternative tone-
woods were ranked using the decision matrix method as the 
spruce woods. Tables 8–10 show the breakdown of the deci-
sion matrix, and Figure 5 shows the species ranked from best 
to worst mechanical properties. 

The grain pattern is the next deciding factor. Of the selected 
tonewoods, Agathis comes closest to being the best alterna-
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Table 7. Mechanical property values and grain pattern descriptions for alternative tonewoods.

Woods Wood type Scientific name Density ρ 
(kg/m3)

MOE EL 
(GPa)

Specific stiffness   
(106 m2/s2)

Janka Hardness 
J (N)

Strength Σ 
(MPa) Grain pattern

Often 
used

Western 
red cedar

Softwood Thuja plicata 370 7.66 20.7 1560 31.4 Straight grain with coarse 
texture (Meier 2015, 240)

Mahogany Hardwood Swietenia macrophylla 590 10.06 17.1 4020 46.6 Medium and uniform 
texture; grain can be 
straight, interlocked, 
irregular or wavy (Meier 
2015, 230)

Less 
used

Koa Hardwood Acacia koa 610 10.37 17.0 5180 48.7 Uniform medium to 
coarse texture; usually 
slightly interlocked and 
sometimes wavy (Meier 
2015, 50)

Agathis Hardwood Agathis australis 540 11.87 22.0 3230 42.3 Usually straight, with a 
fine, even texture (Meier 
2015, 58)

Sinker 
redwood

Softwood Sequoia sempervirens 415 8.41 20.3 2000 39.2 Straight, coarse texture 
(Meier 2015, 224)

Rarely 
used

Walnut Hardwood Juglans nigra 610 11.59 19.0 4490 52.3 Usually straight, but can 
be irregular; medium 
texture (Meier 2015, 146)

Sapele Hardwood Entandrophragma 
cylindricum

670 12.04 18.0 6280 60.4 Interlocked; fine uniform 
texture (Meier 2015, 122)

Maple Hardwood Acer macrophyllum 545 10.00 18.3 3780 41.0 Straight, fine, even texture 
(Meier 2015, 54)

Figure 4. Order of use in industry for spruces (Taylor Guitars 2024b, 2024c, 2024d; Forestry 2023).

Figure 5. Ranking current alternatives by material properties (C.F. Martin & Co., Inc. 2025a; Taylor Guitars 2024a, 2024d; Andy king50 (2011))
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Table 10. Weighted rankings of current alternative tonewoods.

Western red cedar Mahogany Koa Agathis Walnut Sinker redwood Sapele Maple

Density 20 12 8 12 8 20 8 12

MOE 15 6 6 3 3 12 3 9

Specific stiffness 20 0 0 25 10 15 5 5

Janka hardness 0 2 4 1 3 0 5 2

Strength 0 4 4 2 6 6 10 10

Totals 55 24 22 43 30 53 31 38

Table 9. Unweighted rankings of current alternative tonewoods.

Western red cedar Mahogany Koa Agathis Walnut Sinker redwood Sapele Maple

Density 5 3 2 3 2 5 2 3

MOE 5 2 2 1 1 4 1 3

Specific stiffness 4 0 0 5 2 3 1 1

Janka hardness 0 2 4 1 3 0 5 2

Strength 0 2 2 1 3 3 5 5

Totals 14 9 10 11 11 15 14 14

Table 8. Ranking assignments for each mechanical property.

Density ρ MOE EL Specific stiffness Janka hardness J Strength σ

5 0–445 0–8.04 21.5 + 5650 + 59 +

4 446–520 8.05–9.04 21.4–20.5 5649–5000 58.9–54

3 521–595 9.05–10.04 20.4–19.5 4999–4350 53.9–49

2 596–670 10.05–11.04 19.4–18.5 4249–3700 48.9–44

1 671–745 11.05–12.04 18.4–17.5 3699–3050 43.9–39

0 746 + 12.05 + 17.4–0 3049–0 38.9–0

tive when favoring grain patterns. Maple is another species 
that has a desired grain pattern. The final criterion is based on 
the wood’s acoustic properties. Table 11 shows the calculated 
speed of sound, mechanical impedance, and sound radiation 
coefficient of each current alternative tonewood.

Agathis has the desired high speed of sound, and western red ce-
dar has the preferred lowest mechanical impedance and the most 
significant sound radiation coefficient. Figure 6 shows the order 
of the current alternatives, from most common to rarely used.

Domestic hardwoods as possible woods for soundboards

Some domestic species are used in production for solid body 
electric guitars, like red alder, basswood, ash, and yellow poplar 

(Ahvenainen 2019). Table 12 shows several selected domestic 
species with material properties and aesthetics that compare 
to the woods already in soundboard production, sourced from 
Meier (2015).

Basswood has the closest specific stiffness to spruce and has 
the ideal grain pattern for building an acoustic guitar top. 
Yellow poplar is another species with a higher specific stiffness, 
but the surface texture can be coarse, requiring filling before 
finishing. Birch has many sought-after qualities; however, it 
has a very high density, which leads to low specific stiffness. 
Basswood, black cherry, and red alder have grain patterns 
ideal for guitar tops. 
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Table 11. Acoustic properties of current alternative tonewoods.

Density, ρ (kg/m3) MOE, EL (GPa) Speed of sound, c (m/s) Mechanical impedance, 
z (kg/(m2s)) SRC, R (m4/(kg-s))

Western red cedar 370 7.66 4,550.0 1,683,508 12.3

Mahogany 590 10.06 4,129.3 2,436,268 7.0

Koa 610 10.37 4,123.1 2,515,094 6.8

Agathis 540 11.87 4,688.4 2,531,758 8.7

Walnut 610 11.59 4,358.9 2,658,928 7.1

Sinker redwood 415 8.41 4,501.7 1,868,194 10.8

Sapele 670 12.04 4,239.1 2,840,211 6.3

Maple 545 10.00 4,283.5 2,334,524 7.9

Table 12. Material properties and grain pattern descriptions for possible alternative U.S. hardwood tonewoods.

Woods Scientific name
Density 

ρ (kg/m3)
MOE 

EL (GPa)
Specific Stiffness 

 (106 m2/s2)

Janka 
hardness J 

(N)
Strength Σ 

(MPa) Grain pattern

Basswood Tilia 
americana 415 10.07 24.3 1820 32.6 Straight, with a fine, even texture (Meier 

2015, 242)

Swamp ash* Fraxinus genus 510 11.00 21.6 3780 41.2 Typically straight and regular; medium to 
coarse texture (Meier 2015, 131-132)

Yellow poplar Liriodendron 
tulipifera 455 10.90 24.0 2400 38.2 straight, uniform grain, with a medium 

texture (Meier 2015, 156)

Black cherry Prunus 
serotina 560 10.30 18.4 4230 49.0 Usually straight; fine, even texture (Meier 

2015, 202)

Birch Betula 
alleghaniensis 690 13.86 20.1 5610 56.3 straight or slightly wavy, with a fine, even 

texture (Meier 2015, 69)

Red alder Alnus rubra 450 9.52 21.2 2620 40.1 Generally straight; moderately fine, uniform 
texture (Meier 2015, 60)

“Swamp Ash” has mechanical property values and grain pattern descriptions like black ash, except for the density. According to the Wood Database (Meier 2025), the listed density is the 
average density of swamp ash.

Figure 6. Order of use in industry for current alternatives (C.F. Martin & Co., Inc. 2025a; Taylor Guitars 2024a, 2024d; Andy king50 2011)
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Table 13. Ranking assignments for each mechanical property.

Density ρ MOE EL
Specific 
stiffness

Janka 
hardness J Strength σ

5 0–450 0–9.75 24 + 4950 + 52.5 +

4 451–500 9.76–10.75 23.9–23 4949–4300 52.4–48.5

3 501–550 10.76–11.75 22.9–22 4299–3650 48.4–44.5

2 551–600 11.76–12.75 21.9–21 3649–3000 44.4–40.5

1 601–650 12.76–13.75 20.9–20 2999–2350 40.4–36.5

0 651 + 13.76 + 19.9–0 2349–0 36.4–0

Table 15. Weighted rankings of possible U.S. hardwood tonewoods.

Basswood Swamp 
ash

Yellow 
poplar

Black 
cherry Birch Red 

alder

Density 20 12 16 8 0 20

MOE 12 9 9 12 0 15

Specific 
stiffness 25 10 25 0 5 10

Janka 
hardness 0 3 1 3 5 1

Strength 0 6 2 8 10 2

Totals 57 40 53 31 20 48

Table 14. Unweighted rankings of possible U.S. hardwood tonewoods.

Basswood Swamp 
ash

Yellow 
poplar

Black 
cherry Birch Red 

alder

Density 5 3 4 2 0 5

MOE 4 3 3 4 0 5

Specific 
stiffness 5 2 5 0 1 2

Janka 
hardness 0 3 1 3 5 1

Strength 0 2 1 4 5 1

Totals 14 14 14 13 11 14

Table 16. Acoustic properties of possible U.S. hardwood tonewoods.

Density, ρ (kg/m³) MOE, EL (GPa)
Speed of sound, 

c (m/s)
Mechanical impedance, 

z (kg/(m2s)) SRC, R (m4/(kg-s))

Basswood 415 10.07 4,926.0 2,044,272 11.9

Swamp ash* 510 11 4,644.2 2,368,544 9.1

Yellow poplar 455 10.9 4,894.5 2,226,993 10.8

Black cherry 560 10.3 4,288.7 2,401,666 7.7

Birch 690 13.86 4,481.8 3,092,475 6.5

Red alder 450 9.52 4,599.5 2,069,783 10.2

A decision matrix was used to rank the wood species based on 
their material properties with the same methods as the other 
two wood groups. Tables 13–15 show the breakdown of the 
decision matrix, and Figure 7 shows the order of the woods 
from the best to the worst mechanical properties. 

Material properties and aesthetics are essential for selecting 
tops; however, they are not the only factors to consider. Acoustic 
properties are just as important. Table 16 shows the calculated 
speed of sound, mechanical impedance, and sound radiation 
coefficient of each possible alternative tonewood.

Figure 7. Ranking possible alternative U.S. hardwood tonewoods by material properties (Stephen Ondich 2020) 
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With mechanical, visual, and acoustic properties similar to 
those of the commonly used top woods, basswood is the clear 
choice as a possible hardwood alternative for guitar tops.

Discussion
Old-growth spruce tops are not a sustainable resource for the 
guitar industry. Major guitar manufacturers have started to 
move towards sustainable tonewoods, but they still use spruce 
for most of their acoustic guitar production. This paper dem-
onstrates that alternative tonewoods are suitable substitutes 
for spruce when using mechanical, acoustic, and aesthetic 
characteristics. The domestic U.S. hardwoods that were most 
suitable were basswood and yellow poplar. With options to 
supplement spruce for acoustic guitar soundboards, the next 
step is to build guitars with tops made from basswood and 
yellow poplar and test them to prove whether they are practi-
cal candidates.
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Abstract. Colonization by blue stain and brown rot fungi affects timber quality in distinct ways. Blue stain fungi 
cause discoloration without reducing wood properties, while brown rot fungi degrade wood tissues, resulting 
in brittleness and brown coloration. Given these chemical differences, we investigated whether near-infrared 
spectroscopy (NIRS) could distinguish between these fungal types. We hypothesized that early fungal attack 
would produce unique spectral signatures, allowing for rapid identification. Wood disc samples were collected 
from white spruce, lodgepole pine, and trembling aspen in Fox Creek, northwest Alberta, Canada, ca. 4 months 
after a wildfire. The trees were colonized by fungi associated with blue and brown sapwood discoloration and 
analyzed using NIRS. In white spruce, we found consistent and significant absorbance differences between 
blue- and brown-discolored sapwood across each 100 nm segment. In lodgepole pine, the most distinct differences 
occurred in the 1650–1750 nm, 2050–2150 nm, and 2350–2450 nm ranges. For trembling aspen, differences 
were evident across most 100 nm intervals, except 2150–2250 nm. Permutational multivariate analysis of 
variance (PERMANOVA) indicated greater spectral dissimilarity between fungal types in white spruce and 
trembling aspen, with less pronounced differences in lodgepole pine. Our findings suggest that NIRS can 
effectively classify fungal-discolored wood in white spruce and trembling aspen within the first year following 
wildfire. However, its application to lodgepole pine in the same timeframe may be less reliable.

Keywords: Fungal colonization; Blue stain fungi; Brown rot fungi; Wood discoloration; Near-infrared spectroscopy 
(NIRS); Spectral signatures

Introduction
Canada’s boreal forest plays a vital role in domestic and in-
ternational wood markets, contributing 1.2% to the national 
GDP in 2022 and accounting for 12% of global wood supply 
(Natural Resources Canada 2022, 2023). However, threats like 
fires, pests, and diseases threaten the forest health and wood 
quality (Gauthier et al. 2015). From 1984 to 2016, wildfires and 
insect outbreaks caused 53.7% of forest biomass loss, surpass-

ing the 43.8% from industry harvesting (Wulder et al. 2020). 
In 2023, wildfires burned over twice the previous record area 
of 6.7 million hectares set in 1989 (Jain et al. 2024). Between 
1998 and 2009, insects like the mountain pine beetle killed an 
estimated 675 million m³ of pine in Western Canada (Natural 
Resources Canada 2020). With temperatures projected to rise 
between 2°C and 6°C by the end of the century, increasing fire 
and pest activity could threaten the forests’ economic viability 
(Natural Resources Canada 2019). 

Wildfires significantly impact timber value, as burned trees 
may become unsuitable for commercial use, and salvaged 
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wood often has lower product value (Watson and Potter 2004; 
Bousfield et al. 2023). The heat from wildfires triggers pyroly-
sis, a chemical decomposition that alters the wood’s structure 
and composition, reducing moisture content, darkening color-
ation, decreasing mechanical strength, and increasing brittleness 
(Mensah et al. 2023). These changes make the wood prone 
to cracking and degrade key mechanical properties, such as 
tensile strength and bending strength, rendering it unsuitable for 
structural applications (González-Peña et al. 2009; Piernik et al. 
2022). Additionally, fire-damaged trees can become vulnerable 
to fungal, bacterial, and insect attack, which accelerates decay 
and further reduces the wood’s commercial value. 

Fungal growth in burnt wood is favored by conditions such 
as mild temperatures, moderate to low moisture levels, and 
increased aeration as the wood dries (Schmidt 2006; McCarthy 
et al. 2012). The fungal colonization in sapwood is distin-
guished by patterns like blue and brown discoloration. Blue 
stain fungi, generally from the class Ascomycota, do not 
degrade lignin or cellulose (McCarthy et al. 2012; Lundell 
et al. 2014). Instead, they invade living wood and produce 
melanin to protect themselves from environmental stressors, 
breaking down non-structural components like triglycerides 
and oleic acid. This activity results in discoloration appear-
ing as shades of blue but causes minimal structural damage 
(Lundell et al. 2014). In contrast, fungi that cause brown rot 
are typically associated with the class Basidiomycota and often 
cause severe damage that degrades cellulose (McCarthy et al. 
2012; Lundell et al. 2014). This leaves behind a brown rot 
characterized by brittle, cracked residues composed mainly 
of lignin that significantly compromises the wood’s structural 
integrity (McCarthy et al. 2012; Lundell et al. 2014). Both 
blue stain and brown rot fungi reduce the cosmetic quality 
of timber, but brown rot fungi also render it unsuitable for 
structural use (McCarthy et al. 2012). 

Given the potential for widespread fungal damage in burnt 
wood, tools that quickly and accurately assess wood properties 
and the presence of fungal-caused discolouration are essential 
for early intervention to minimize damage (Pohleven et al. 
2002; Guillén and Machuca 2008). In this regard, near-infrared 
spectroscopy (NIRS) can be an efficient tool for analyzing these 
characteristics. By utilizing the near-infrared (NIR) region of 
the electromagnetic spectrum (700 to 2500 nm), NIRS measures 
how electromagnetic energy is scattered or absorbed by wood 
tissues, providing understanding into their composition and 
quality (Tsuchikawa and Kobori 2015). The light interacts with 
the overtone and combination vibrations of chemical bonds 
(e.g., C-H, O-H, N-H) within organic compounds, producing 

NIRS spectra that can be analyzed to obtain information about 
the chemical properties of organic materials (Chen et al. 2015; 
Tsuchikawa and Kobori 2015). This technique is valuable for 
forest management because it offers rapid data acquisition, high 
accuracy, and requires minimal sample preparation, making it 
ideal for large-scale studies (Tsuchikawa 2007; Tsuchikawa 
and Kobori 2015; Hein et al. 2017).

NIRS is particularly useful for analyzing wood composition 
and assessing quality changes due to fungal damage. Previous 
studies demonstrated that NIRS can capture molecular-level 
alterations in wood coloration from fungal activity. Via et al. 
(2007) observed distinct absorbance shifts due to blue stain 
in longleaf pine; Kelley et al. (2002) and Barton et al. (1995) 
detected lignin and carbohydrate degradation from white and 
brown rot fungi; and Fackler et al. (2007) and Fackler and 
Schwanninger  (2012) monitored decay progression and mass 
loss. Building on this, Burud et al. (2014) used hyperspectral 
NIRS imaging to quantify blue stain in Norway spruce. Unlike 
visual inspection, which detects only advanced discoloration, 
NIRS provides an accurate alternative, identifying early-stage 
and subsurface decay in wood that may not be identified by 
visual methods. By detecting chemical changes such as lignin 
or cellulose degradation, NIRS enables fungal damage detection 
before visible signs emerge, thus representing a more refined 
and precise method in wood quality assessment (Pohleven et 
al. 2002; Guillén and Machuca 2008).

This study builds on previous research by using NIR spectros-
copy to assess the effects of blue stain and brown rot fungi on 
NIR absorbance in two coniferous and a deciduous tree species, 
focusing on white spruce (Picea glauca (Moench) Voss), lodge-
pole pine (Pinus contorta Douglas ex Loudon), and trembling 
aspen (Populus tremuloides Michx.). Since fungal infestations 
alter organic chemical bonds in wood, we aimed to determine 
whether colonization influenced NIR absorbance in species-
specific ways, as NIR is sensitive to molecular vibrations of 
organic compounds (Tsuchikawa and Kobori 2015; Deepa et 
al. 2024). We expected that differences in how blue stain and 
brown rot fungi interact with sapwood would allow for the 
differentiation of their spectral characteristics. To this end, we 
hypothesized that the unique chemical and physical alterations 
caused by each fungal type would manifest in distinct spectral 
patterns, enabling reliable wood quality assessment. This is 
the first step in evaluating the potential of NIR as a tool for 
understanding the role of fungi in wood degradation in fire-
killed trees. Based on these results, future work will aim to 
identify fungi species associated with these stains and further 
clarify their contribution to wood decay. 
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Materials and methods
Wood samples

In 2023, a forest inventory was conducted in the native forests 
near Fox Creek, Alberta (54.476°N, 116.783°W), to assess 
the impact of fire on wood quality. This area has a history of 
periodic disturbances, primarily wildfire, that shape the compo-
sition and structure of its boreal forests. During the inventory, 
some harvested trees were found to be infested with fungi. The 
sampled tree species included white spruce (average age based 
on ring counts = 88 years), lodgepole pine (average age = 77 
years), and trembling aspen (average age = 73 years), all of 
which are common in Alberta’s boreal forests. Discs from the 
infested trees were collected at a height of 2 m from the base 
to ensure consistency in wood properties. The wood exhibited 
minimum degradation but advanced discoloration (Figure 1). 
The presence of fungi associated with blue stain and brown rot 
(Table 1) was confirmed by the Mycology Research Laboratory 
of the Canadian Forest Service in Edmonton, Canada. 

Acquisition of spectra in the NIR region

Spectral readings were collected from the flat transverse surface 
of the wood sample discs. For each disc, five scan locations 
were selected per observed type (e.g., blue stain or brown rot) 
to capture variation across the visibly stained regions (Table 1), 
along with five additional scans from clear areas confirmed as 
unstained by visual inspection. In cases where multiple stain 
types were present on a single disc, five scans were taken for 
each type. Control discs taken from trees with no visible stain-
ing were scanned at five locations across the clear surface.

Clear scans from visibly unstained areas on stained discs 
enabled direct comparisons of near-infrared spectral charac-
teristics within a consistent tree-specific context. Control scans 
from entirely unstained discs of the same species served as a 
baseline reference free of fungal influence.

To ensure uniform surface conditions, the samples were lightly 
pre-sanded to remove chainsaw marks that could interfere with 
spectral readings. Sanding was applied consistently across each 
sample. Measurements were conducted at room temperature 
(approximately 22°C) to control for environmental effects on 
the readings and were performed using a single NeoSpectra-
Scanner (Si-Ware Systems Inc., USA). The device features a 
10-mm collection window, and its software reports spectra from 
1350 to 2550 nm at a step of 2.5 nm, with a wavelength resolu-
tion of 16 nm. The scanner lens was positioned on the dried 
wood surface and held steady during each scan to minimize 
interference from ambient light. At each measurement location, 
three spectra were collected and averaged to reduce noise.

Table 1. Summary of data samples showing the number of trees 
and total scans per species under four wood conditions. Total scans 
refer to the number of measurements taken on wood discs from each 
species under each condition. Control refers to scans from completely 
unstained discs collected from healthy trees of the same species. Clear 
refers to scans from visibly unstained areas on otherwise stained discs. 

Wood condition Species Number of trees Total scans

Blue stain fungi Lodgepole pine 5 25

Trembling aspen 3 15

White spruce 6 30

Brown rot fungi Lodgepole pine 3 15

Trembling aspen 5 27

White spruce 3 15

Clear Lodgepole pine 6 30

Trembling aspen 6 30

White spruce 7 35

Control Lodgepole pine 5 25

Trembling aspen 5 25

White spruce 5 25

A) White spruce B) Lodgepole pine C) Trembling aspen 

  
 

 
Figure 1. Cross-section segments of white spruce, lodgepole pine, and trembling aspen showing brownish and bluish stains on the wood surface. 
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Spectral pre-processing

Near-infrared spectroscopy data pose challenges due to broad, 
overlapping absorption bands that can shift depending on 
physical, chemical, and structural factors. These shifts and 
overlaps can obscure the resolution of spectral features and 
make direct interpretation difficult. To address these issues, 
derivatives are commonly used for baseline correction in 
spectroscopy (Savitzky and Golay 1964). The first derivative 
removes additive shifts, while the second eliminates linear 
increases and sharpens peaks. The application of these deriva-
tives also enhances resolution, resolves overlapping peaks, and 
highlights spectral details. 

With these considerations, two pre-processing techniques were 
applied to enhance spectral features and reduce noise:

1.	 No pre-treatment: Using raw or original absorbance values.

2.	 Savitzky-Golay smoothing with first- and second-order 
derivatives: This method, proposed by Savitzky and Golay 
(1964), was implemented with a window size of 13 data 
points and a polynomial order of 2. These parameters 
were selected based on exploratory analysis and their ef-
fectiveness in resolving overlapping peaks and correcting 
baselines, as demonstrated in previous studies (e.g., Via 
et al. 2007).

The signal package (signal developers, 2023) in R software 
(R Core Team 2024) was used for the Savitzky-Golay filtering 
of the spectral data.

Data Analysis

Spectral data were analyzed to identify regions with absorbance 
peaks and assess differences in mean absorbance across four 
wood conditions: clear wood, blue-stained wood, brown rot 
wood, and control samples. The spectral range was divided 
into 100-nm segments to capture localized variations in ab-
sorbance, and the average absorbance within each segment 
was compared across the wood conditions. A Kruskal-Wallis 
test was applied to each segment, followed by Dunn’s post-
hoc test to determine specific differences between the wood 
conditions. A permutational multivariate analysis of variance 
(PERMANOVA) was conducted on similarity matrices based 
on Euclidean distances using the vegan package in R (Oksanen 
et al. 2024). PERMANOVA was chosen because it evaluates 
for differences among groups in multivariate space without as-
suming normality. This analysis assessed whether the centroids 
representing each wood condition were significantly different, 
indicating variation in spectral patterns across treatments. To 
mitigate the risk of too few unique permutations, the Monte 

Carlo method was used to obtain reliable p-value estimates. 
If PERMANOVA indicated significant differences among the 
wood conditions, pairwise comparisons were performed to 
assess the statistical significance of the Euclidean distances 
between the wood condition centroids.

Results and discussion
Spectral properties of stained and unstained wood 
across species

We observed variations in the spectral properties (Figure 2) of 
white spruce, lodgepole pine, and trembling aspen across four 
conditions: blue stain fungi, brown rot fungi, clear wood, and 
control wood. In white spruce (Figure 2A), brown rot fungi 
exhibited the highest absorbance across most wavelengths, 
especially around 1450 nm, 1900 nm, and 2350 nm. Blue stain 
fungi followed closely with slightly lower absorbance, while 
the control and clear wood conditions showed lower values, 
with clear wood consistently having the lowest absorbance 
overall. Additionally, significant differences in mean absorbance 
between the blue stain and brown rot fungi were consistently 
observed at 100-nm intervals along the spectral curve.

In the 1st derivative plot of white spruce (Figure 2A), the spec-
tral curves across conditions were generally similar, though 
some differences appeared around 1550 nm and 2150 nm, 
where the brown rot showed slightly higher peaks. The control, 
brown rot, and blue stain fungi curves overlapped closely, while 
the clear condition displayed a slightly different pattern, par-
ticularly around 1750 nm and 2350 nm. In the 2nd derivative 
plot, minor variations emerged between the conditions. The 
blue stain, brown rot, and control conditions deviated more 
visibly from the clear wood, especially between 1750 nm and 
1950 nm, and at 2350 nm, where their patterns were distinct. 
Additionally, no significant differences in mean absorbance 
were detected between the blue and brown rot fungi for both 
the first and second derivatives at 100-nm intervals along the 
spectral curve.

For lodgepole pine (Figure 2B), the patterns were similar, 
with blue stain fungi showing the highest overall absorbance, 
particularly between 1900 and 2350 nm. Brown rot fungi and 
clear wood exhibited moderate absorbance, with brown rot 
fungi slightly higher than clear wood across most wavelengths, 
while the control had the lowest absorbance. The peak around 
1900 nm was especially pronounced in the blue stain fungi 
sample. Additionally, significant differences in mean absor-
bance between blue and brown rot fungi were consistently 
observed at 100-nm intervals along the spectral curve.
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In the first derivative curves of lodgepole pine (Figure 2B), 
there was a clearer distinction between blue stain fungi and 
brown rot fungi, especially around 1950 nm. Clear wood and 
the control overlapped significantly across most regions, with 
minimal variation between them, particularly in the 1550–1950 
nm range. Significant differences in mean absorbance between 
the blue and brown rot fungi were observed in the wavelength 
intervals of 1650–1750 nm, 2050–2150 nm, and 2350–2450 nm. 

The second derivative curves (Figure 2B) showed similar 
trends. The blue and brown rot fungi samples displayed dis-
tinct patterns around 1950 nm, while clear wood and the 
control remained closely aligned throughout the spectrum, 
with minor variation between them. Significant differences 
in mean absorbance between the blue and brown rot fungi 
were evident in the intervals of 1650–1750 nm, 1950–2050 
nm, and 2050–2150 nm.

For trembling aspen (Figure 2C), the brown rot fungi showed 
the highest absorbance, particularly between 1750 and 2350 
nm, with distinct peaks around 1900 nm and 2350 nm. Control 
and clear wood followed similar patterns but exhibited lower 
absorbance compared to the brown rot fungi. In contrast, the 

blue stain fungi consistently displayed the lowest absorbance 
across the wavelength range. At 100-nm intervals along the 
spectral curve, significant differences in mean absorbance 
were observed between the blue and brown rot fungi at most 
wavelengths, except for the intervals 1450–1550, 1550–1650, 
1650–1750, and 1750–1850.

In the first derivative of trembling aspen (Figure 2C), differ-
ences were more pronounced around 1950 nm, where the brown 
rot fungi separated more clearly from the other spectra. The 
curves for clear wood and control samples largely overlapped 
across most regions, while the blue stain fungi showed some 
separation around 1850 nm. Additionally, at 100-nm intervals, 
significant differences in mean absorbance were consistently 
detected between the blue and brown rot fungi, except in the 
2150–2250 nm range.

In the second derivative (Figure 2C), the brown and blue stain 
fungi exhibited sharper peaks around 1850 nm and 1950 nm, 
whereas the clear wood and control curves remained closely 
aligned, showing minimal variation in these regions. Again, 
significant differences in mean absorbance were observed 
at 100-nm intervals between the blue and brown rot fungi, 

Figure 2. Average absorbance (top row), first derivative (dA·dw⁻¹, middle row), and second derivative (d²A·dw⁻², bottom row) spectra as functions of wavelength 
(1350–2450 nm) for each species. The four wood conditions are color-coded: blue stain fungi (blue), brown rot fungi (brown), clear wood (yellow), and control 
(green). Each curve represents the mean spectrum for its respective condition.
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except for the intervals 1350–1450, 1750–1850, 1950–2050, 
2250–2350, and 2350–2450 nm.

Our results demonstrate that NIRS can distinguish between 
brown rot and blue stain fungi in white spruce, lodgepole pine, 
and trembling aspen, based on distinct spectral signatures 
(Figure 2, Table 2) that reflect underlying chemical and physi-
cal changes. The variations in absorbance with wavelength, 

particularly at 1900 nm, 1950 nm, and 2350 nm, emerged as 
consistent markers for distinguishing blue stain and brown rot 
fungi across all three species (Figure 2). These wavelengths 
were reliable indicators due to their consistent presence in 
multiple spectral analyses (raw, 1st derivative, and 2nd de-
rivative) across species. Specifically, the 1900 nm and 1950 
nm regions are sensitive to water and hydroxyl (-OH) groups 
associated with cellulose and water molecules (Via et al. 2008; 

Table 2. PERMANOVA and pairwise comparisons of wood stained/rot or unstained by fungi. F represents the F-statistic, and p represents the 
p-value from PERMANOVA. Significant at p value less than 0.05. A dash indicates that the overall PERMANOVA was not significant enough to 
warrant pairwise comparisons.

A. White spruce

Source/Comparison F p F p F p

Raw Absorbance 1st Derivative 2nd Derivative

Overall PERMANOVA 31.647 0.001 9.589 0.001 9.396 0.001

Pairwise comparison

Control vs. brown rot fungi 52.408 0.001 0.19 0.711 0.203 0.757

Control vs. clear 4.342 0.032 26.817 0.001 25.43 0.001

Control vs. blue stain fungi 18.003 0.002 0.293 0.562 0.239 0.692

Brown rot fungi vs. clear 77.166 0.001 22.452 0.001 20.633 0.001

Brown rot fungi vs. blue stain fungi 10.442 0.006 0.224 0.664 0.204 0.78

Clear vs. blue stain fungi 40.142 0.001 20.64 0.001 21.756 0.001

B. Lodgepole pine

Source/Comparison F p F p F p

Raw Absorbance 1st Derivative 2nd Derivative

Overall PERMANOVA 4.763 0.006 1.341 0.256 1.469 0.214

Pairwise comparison

Control vs. blue stain fungi 14.676 0.001 - - - -

Control vs. brown rot fungi 5.57 0.019 - - - -

Control vs. clear 6.508 0.011 - - - -

Blue stain fungi vs. brown rot fungi 2.842 0.097 - - - -

Blue stain fungi vs. clear 1.251 0.277 - - - -

Brown rot fungi vs. clear 0.447 0.503 - - - -

C. Trembling aspen

Source/Comparison F p F p F p

Raw Absorbance 1st Derivative 2nd Derivative

Overall PERMANOVA 2.0674 0.102 14.056 0.001 11.269 0.001

Pairwise comparison

Control vs. brown rot fungi - - 1.693 0.161 1.505 0.205

Control vs. clear - - 4.265 0.038 4.304 0.034

Control vs. blue stain fungi - - 29.252 0.001 23.936 0.001

Brown rot fungi vs. clear - - 11.724 0.001 10.121 0.004

Brown rot fungi vs. blue stain fungi - - 50.507 0.001 34.153 0.001

Clear vs. blue stain fungi - - 12.119 0.002 8.729 0.002
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Sundaram et al. 2015). Blue stain fungi alter water distribution 
and cellulose structure, leading to significant absorption differ-
ences at these wavelengths. Similarly, the 2350 nm region is 
linked to lignin, which contains aromatic structures and fewer 
hydroxyl groups (Belt et al. 2022; Fackler and Schwanninger 
2012). Unlike lignin-degrading fungi, brown rot fungi do not 
significantly alter lignin, and the resulting spectral consistency 
at this wavelength emphasizes the importance of their minimal 
impact on this component, aiding in their differentiation.

Our findings also highlight tree species-specific differences 
in the wavelengths that distinguish blue stain and brown rot 
fungi (Figure 2). For white spruce, subtle but visible distinc-
tions appeared in the raw spectral curve around 1450 nm, 1900 
nm, and 2350 nm, where brown rot fungi exhibited higher 
absorbance, likely due to chemical changes caused by fungal 
activity. Additional observations in the derivative plots, such 
as around 1550 nm and 2150 nm, provided further insights into 
spectral patterns. In lodgepole pine, blue stain fungi exhibited 
the highest absorbance in the raw curve between 1900–2350 
nm, peaking around 1900 nm, suggesting links to fungal me-
tabolite concentrations. Derivative plots further differentiated 
key intervals, including 1650–1750 nm, 1950–2150 nm, and 
2350–2450 nm, emphasizing the utility of derivative analyses 
(Schwanninger et al. 2011). For trembling aspen, brown rot 
fungi showed dominant absorbance from 1750–2350 nm, 
particularly at 1900 nm and 2350 nm, while derivative plots 
revealed variability around 1850 nm and 1950 nm. These re-
sults demonstrate the potential of these wavelengths as reliable 
markers for species identification and wood quality assessment, 
aligning with findings from previous studies (Ramirez et al. 
2015; Lang et al. 2017).

Multivariate analysis of NIR spectral differences among 
wood conditions and species

PERMANOVA and follow-up pairwise comparisons were 
used to assess the NIR spectral similarity among the different 
wood conditions: blue stain, brown rot, clear, and control for 
the species white spruce, lodgepole pine, and trembling aspen. 
Despite some overlap in the multivariate ordination plots, 
significant differences were detected among the four wood 
conditions based on the original (raw) absorbance values, as 
well as the first and second derivatives.

For white spruce, a significant difference was observed between 
the blue stain and brown rot fungi for the raw absorbance, 
whereas the first and second derivatives showed no significant 
difference between the two fungal groups (Table 2A, Figure 
3A). Various degrees of significance were also noted between 

the clear/control and both the blue stain and brown rot condi-
tions (Table 2A).

For lodgepole pine (Table 2B, Figure 3B), the raw absorbance 
values showed no significant difference between the blue 
stain and brown rot conditions. Unlike clear wood, there was 
a significant difference in absorbance values between the 
control and both the brown rot and blue stain fungi. For the 
first and second derivatives, the overall PERMANOVA was 
not significant, so no pairwise comparisons were conducted 
between the different wood conditions (Table 2B).

In the case of trembling aspen (Table 2C, Figure 3C), 
PERMANOVA showed no significant differences in absor-
bance values between the blue stain, brown rot fungi, and their 
clear and control wood counterparts. However, PERMANOVA 
for the first and second derivatives revealed significant differ-
ences between the brown rot and blue stain fungi conditions. 
Significant differences were predominantly recorded between 
the control and clear wood, each compared separately to the 
brown rot and blue stain conditions.

Our results revealed species-specific differences in the spectral 
properties and the relative utility of raw absorbance versus 
derivative data for differentiating fungal stains (Figure 3, Table 
2). In white spruce, significant differences between blue stain 
and brown rot fungi were observed in the raw absorbance 
spectra, particularly when compared to the clear and control 
wood conditions. However, the first and second derivatives 
did not reveal significant differences between the two fungal 
discoloration types. This suggests that the spectral changes 
induced by blue stain and brown rot fungi in white spruce are 
more detectable in the raw spectra. The lack of differentiation 
in the derivative plots may be due to the tendency of derivative 
processing to emphasize subtle spectral features while reducing 
broader signals, which could obscure meaningful changes if the 
fungal-induced variations are not sharply defined. Additionally, 
the spectral sampling interval of the instrument and the use 
of 100-mm spatial increments may have contributed to signal 
averaging, further limiting the detection of localized fungal 
effects. Nevertheless, pronounced differences were observed 
between stained and unstained wood (both clear and control 
conditions), confirming that NIR spectroscopy was effective 
in detecting fungal degradation relative to unaffected wood 
(Via et al. 2008).

These species-specific differences in PERMANOVA outcomes 
likely reflected underlying biological and chemical processes. 
In white spruce, the consistent and pronounced spectral shifts 
across brown rot, blue stain, and unstained (clear and control) 



Wood and Fiber Science, July 2025, V. 57(3)154	

wood suggest that fungal colonization leads to substantial and 
predictable chemical changes, which are readily captured by 
raw spectra. In contrast, lodgepole pine exhibited more subtle 
and overlapping spectral responses, indicating that fungal 
impact may be less chemically pronounced or more spatially 
variable, making detection less reliable. For trembling aspen, 
the blue stain spectrum appeared atypical compared to all other 
spectra, potentially due to pigment accumulation, unique host-
fungus interactions, or sampling variation. This irregularity 
likely contributed to the lack of significant group separation 
in the raw data. However, applying derivative transformations 

helped reveal meaningful contrasts in aspen by removing 
baseline noise and highlighting finer spectral details. These 
findings emphasize that both species-specific wood chemistry 
and spectral preprocessing approaches influence the detect-
ability of fungal degradation in NIR spectra.

The ability to detect spectral changes caused by blue stain 
and brown rot fungi depends on whether raw or derivative 
spectra are used (Figures 2 and 3, Table 2). Derivative trans-
formations, like first or second derivatives, are often applied 
to spectroscopic data to enhance spectral features and elimi-

Figure 3. NMDS ordination from PERMANOVA showing spectral variability across four wood stain conditions in different tree species. Each column represents 
a species, and rows display raw absorbance (top), first derivative (middle), and second derivative (bottom). The four wood conditions: blue stain fungi (blue), 
brown rot fungi (brown), clear wood (yellow), and control (green) are represented using non-metric multidimensional scaling (NMDS) plots. Ellipses indicate the 
dispersion and overlap within each wood stain condition.
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nate baseline variations. However, these transformations can 
sometimes reduce the ability to detect fungal-induced spectral 
changes due to increased noise. For example, Via et al. (2007 
and 2008) identified significant differences in the raw spectra 
of longleaf pine affected by blue stain at specific wavelengths 
(e.g., 354–364 nm, 424–1104 nm, and 1114–1354 nm). These 
differences became less detectable after applying derivative 
transformations, highlighting that raw spectra alone can ef-
fectively identify fungal stains without requiring additional 
processing.

Regarding the observed significant differences between control 
and clear wood, although both were visually unstained, subtle 
chemical differences may exist due to residual microbial activ-
ity that could have influenced the clear samples prior to NIR 
measurement, making them spectrally distinct from the control 
set. This suggests that unstained regions on stained discs (clear 
wood) may not be chemically equivalent to wood from entirely 
non-colonized unstained trees (control), potentially reflecting 
early or localized biochemical alterations.

Conclusions
This study highlighted the potential of NIR spectroscopy to 
detect and differentiate fungal stains and rots in wood, with 
performance varying across tree species. In white spruce, raw 
absorbance spectra effectively distinguished stain from rot 
fungi. In trembling aspen, derivative analysis enhanced sen-
sitivity to subtle spectral differences. However, in lodgepole 
pine, spectral overlap limited differentiation, suggesting a need 
for further exploration of the biochemical similarities among 
fungal types and the resulting wood degradation. These find-
ings emphasize the importance of developing rapid, reliable 
methods for fungal identification, especially as climate-driven 
disturbances such as wildfires could alter the prevalence of 
fungal impacts on salvaged logs. Accurate detection can sup-
port informed forest management, efficient processing, and 
improved timber valuation.

Nonetheless, several factors limited the interpretation and 
generalizability of our results. Species-specific traits of trees 
such as age, size, site conditions, growth history, natural 
wood color, and durability, as well as sampling location, can 
influence spectral patterns. Moreover, because the samples 
were naturally stained in the field, we had no experimental 
control over fungal colonization or wood condition. While 
this enhanced ecological relevance, it necessitated caution in 
interpreting the results. These limitations were not directly 
evaluated in this study but should be systematically addressed 
in future research to strengthen model robustness and applica-

bility. Moving forward, we plan to integrate genetic analyses 
to identify fungal species, explore the causes of staining, and 
clarify fungal functional roles. Combining NIR spectroscopy 
with complementary techniques will improve fungal discrimi-
nation and deepen understanding of the underlying spectral 
mechanisms.
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